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ABSTRACT 
Monarch butterfly, Danaus plexippus, overwintering populations in Mexico have 
declined over the past 20 years. One reason attributed to this decline is the loss of 
milkweed (Asclepias spp.) in corn and soybean fields due to growers’ widespread use of 
herbicide-tolerant crops. Reestablishing milkweed and nectar resources is critical to 
combat the population decline. Roadsides and prairies are important habitat resources and 
could help compensate for this loss if conservation efforts in these habitats are successful 
in providing milkweed and forbs for ovipositing adults and hungry caterpillars. There are 
many factors to consider when establishing habitat for the monarch, including milkweed 
patch size. If monarchs have a patch size preference for oviposition, then optimizing 
patch size could help maximize egg and caterpillar production. We hypothesized that 
monarch oviposition is not random and is influenced by milkweed patch size.  
To test this hypothesis, eight gravel roadsides in Story and Boone Counties, Iowa 
were monitored for milkweed with GPS units. Over 14,000 milkweed stems were 
mapped and examined for eggs and larvae. These data were spatially analyzed in 
ArcMap™ 10.4, GeoDa, and R to measure the correlation between stem density and egg 
and larval density. A similar study was conducted in several prairies where common (A. 
syriaca) and swamp (A. incarnata) milkweed were transplanted into a replicated block 
design with three patch densities. Plants were examined weekly for eggs and larvae over 
three summers. Results from both studies are used to determine if there is an “optimal” 
patch size for female monarch oviposition. 
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CHAPTER 1.    INTRODUCTION 
Thesis Organization 
This thesis is organized in three chapters. The first chapter is a literature review of the 
evidence supporting the monarch butterfly and milkweed population decline in North 
America and the need for research on habitat establishment strategies to conserve the 
monarch population. The second and third chapters discuss experiments and observational 
studies testing milkweed patch size effects on oviposition of the monarch butterfly. The 
second chapter examines this relationship in prairies and the third chapter, along gravel 
roadsides. 
Literature Review 
The monarch butterfly (Danaus plexippus) is an iconic species in North America and 
has shown a significant decline in overwintering populations over the last 20 years. This 
species is iconic because of its beautiful colors, its use in primary and secondary curriculum 
for biology education, and the slow unveiling of the migratory phenomenon by Urquhart 
(1978). Research on the monarch butterfly has led to major efforts on the integration of 
citizen science in large multi-year data collection efforts (Cohn, 2008) and in its service as a 
flagship species for pollinator conservation initiatives (Gustaffsen et al., 2015). The monarch 
is not a proficient pollinator (Fishbein and Venable, 1996) and though it does not hold 
intrinsic economic value to the human food system, it remains a charismatic species. This is 
what Ehrenfeld (1976) refers to as a “non-resource” species when conservation efforts are 
difficult to justify. 
Conservation of this “non-resource” species integrates the establishment of habitat 
benefiting pollinators that do have an intrinsic economic value to the human food system 
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(e.g., Apis mellifera and other bees) by including necessary host plants and nectar resources. 
This connection to the human food system is not the only reason that the monarch butterfly 
deserves conservation efforts. Ehrenfeld (1976) suggests several reasons for the conservation 
of a “non-resource” species including esthetics value, teaching values, scientific research, 
species diversity, and the unknown effects of a species absence from an ecosystem. 
Conservation of this “non-resource” species becomes a human responsibility in light of the 
evidence of a declining population as a result of modified, human-dominated systems 
(Ehrenfeld, 1976).  
The overwintering population of monarch butterflies in Mexico is measured by 
estimating the area of trees in the Sierra Madre Mountains of Mexico that are covered by the 
insect (Fig 1). Data from the World Wildlife Fund since 1994 has shown a statistically 
significant decline using both linear and exponential models (Brower et al., 2012). In reports 
from 2012, the lowest average was thought to have occurred in 2009 - 2010 at 1.92 hectares 
in comparison to a high of 18.19 hectares in 1996 (Rendón-Salinas et al., 2009), and since 
then the population reached 0.67 hectares of habitat occupied by monarchs in the 2013 – 
2014 season (Vidal et al., 2014)(Fig 2). The population fluctuates year to year, but if action is 
not taken to increase the population, the migratory phenomenon of the North American 
monarch butterfly may be endangered if populations cannot recover from severe natural 
fluctuations, like the weather (Brower et al., 2012).  
There are many cited reasons for the declining population measurements. Historical 
research suggests that the decline of the last 20 years is not the first time the monarch 
population dropped. Urquhart writes that the population saw a “sudden reduction” due to a 
virus epizootic in 1964 and 1965 (Urquhart, 1966); and another severe reduction in 1970 due 
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the first cases of the neogregarine parasite, Ophryocystis elektroscirrha (O.E.), were recorded 
in the monarch (McLaughlin and Meyers, 1970). Another challenge the migrating population 
faces is extreme weather: drought during the breeding season, ice storms during migration, 
and flooding in the overwintering areas. If any of these events coincide with a low population 
year high mortality (estimated 50-90%) could occur (Brower et al., 2012). The overwintering 
area in Mexico is vulnerable to intensive illegal logging and this eliminates habitat and 
protection from unfavorable weather conditions such as wetting and freezing (Anderson and 
Brower, 1996). 
 
Fig 1 Monarchs roosting in trees in the overwintering habitat in Mexico (Source: 
JourneyNorth.org)  
 
Fig 2 The number of hectares occupied by monarchs in overwintering habitat in Mexico 
(Source: MonarchWatch.org) 
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The success of the population year to year is not exclusively reliant on overwintering 
conditions in Mexico, but also the availability of breeding habitat in the United States and 
Canada. Breeding habitat consists of regional milkweed species for egg laying and larval 
consumption (Pocius et al., 2018), as well as nectar resources for adult survival. Increased 
production of biofuels has decreased conservation habitat acreage, including milkweed, as 
many growers have converted these acres to crops (Brower et al., 2012). In Iowa, from 1999 
– 2009 there has been a 90% reduction of Asclepias syriaca from crop fields treated with 
glyphosate and is likely attributed to the increased utilization of glyphosate resistant crops 
(Hartzler and Buhler, 2000; Hartzler, 2010). In the broader Midwest United States, there has 
been an estimated 58% decline for all milkweed in both agricultural fields (e.g., corn and 
soybean) and nonagricultural landscapes (e.g., prairies, pasture, roadsides, conservation 
reserve program land) during that same time period when looking at data from Iowa and 
other states in the Midwest (Pleasants and Oberhauser, 2013).  
Zalucki and Lammers (2010) models the relationship between insect behavior and 
habitat fragmentation and saw an increase in habitat fragmentation forced a monarch to 
depend highly on her ability to efficiently search for milkweed to lay a high proportion of her 
eggs. A female does this to compensate for the loss of continuous habitat (Zalucki and 
Lammers, 2010). If this behavior is intrinsic to the monarch, the population decline may not 
be caused by fragmented habitats. If she has a “high search ability”, a higher proportion of 
eggs might be observed in more fragmented landscapes or isolated habitats. However, it is 
unclear if females are utilizing “high search ability” when locating habitat in highly 
fragmented areas, though there is evidence for higher egg densities on isolated stems 
(Zalucki and Suzuki, 1987; Stenoien et al., 2015). If monarchs are not utilizing a high search 
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ability and are randomly exploring a landscape, then increasing fragmentation of habitat 
would indeed negatively affect the population because the female does not change her 
behavior to compensate for the loss of habitat. This suggests that conservation strategies 
should focus on both increasing habitat and decreasing habitat fragmentation. 
The Midwest United States is central to the breeding region for the eastern population 
of monarchs during the months of May to September (Fig 3). Re-establishing monarch 
habitat in the Midwest breeding zone is necessary to positively impact the declining 
population. However, the impact that establishing monarch habitat will have on the declining 
population is controversial (Thogmartin et al., 2017). The Pollinator Task Force under the 
Obama Administration recommended planting 1.3~1.6 billion stems in the U. S. Midwest to 
reach a goal of 6 hectares of overwintering monarchs by 2020 (Semmens et al., 2016, 
Thogmartin et al., 2017). 
 
Fig 3 The spring and fall migration map of the monarch butterfly showing the summer 
breeding season in the northern United States and specifically over Iowa. (Source: 
Monarchwatch.org) 
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Milkweed patch size is important to consider for habitat establishment if the monarch 
butterfly has an oviposition preference correlated to patch size and is not randomly 
distributing eggs across the landscape. If there is an optimal patch size, land managers can 
focus on insect preferences to eliminate wasted resources of labor and time from the 
perspective of both the monarch and land managers. There are both positive and negative 
relationships depending on the species between patch size and insect abundance or patch size 
and oviposition both regarding conservation and biological control (Solomon, 1981; Bach, 
1988; Halpern et al., 2014; Tjørnløv et al., 2015). 
According to Bowman, et al. 2002, if there is a positive relationship between 
population density of an organism’s offspring and patch size there should be evidence for an 
increased orientation to larger patches as an organism disperses aerially. If this trend is seen 
in monarch oviposition behavior, it would suggest planting larger patches could optimize 
conservation efforts. However, a few studies suggest more monarch eggs are found on fewer 
and isolated stems. Zalucki and Suzuki (1987) observed more eggs on isolated stems. A 
monarch citizen scientist study assessing egg density removed observations that only had a 
few stems because typically those observations had “abnormally high densities” (Stenoien et 
al., 2015). According to Bowman’s hypothesis, this could imply that monarch females are 
randomly searching and do not have an orientation to patch size, but may be effected by 
patch edges (Bowman, et al., 2002). A study by Bull and Zalucki (1985) provides evidence 
that a female’s apparent preference for smaller patches and isolated stems is related to the 
ratio of males at a potential oviposition site. Larger patches may be more attractive to 
aggressive males and drive females to sites with fewer stems for oviposition (Bull et al., 
1985).  
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The concept of large versus small patches related to monarch oviposition behavior is 
important to consider for habitat establishment. As acres are converted to pollinator habitat 
there are several options for milkweed establishment. Land managers could plant 
homogenous fields of milkweed or heterogeneous habitat including milkweed at the optimal 
density and important forbs, grasses, and legumes. Milkweed can be established either by 
seed or by transplanting seedlings. With a declining monarch population, optimizing the 
habitat establishment strategy should focus on establishing milkweed in a way that positively 
reflects observed monarch oviposition behavior. This strategy focuses efforts to eliminate 
wasted resources. For example, if a female has an inherent patch size preference a female 
may oviposit one egg and move to a new patch. In this case, planting an acre of homogenous 
milkweed might mean many stems and resources are unused. It is unclear to what extent this 
behavior is observed and if this behavior is seen outside of urban areas in rural prairies and 
roadside habitats.  
This thesis explores the relationship between patch size and wild monarch oviposition 
with two experiments; the first is egg and larvae observations on milkweed established in 
patches in prairies and the second is our observations of eggs and larvae on milkweed on 
roadsides. Each experiment is an individual chapter, but both studies are designed to test the 
same hypothesis. Our hypothesis is that oviposition is different among patch sizes and not 
randomly distributed. Alternatively, if monarchs are ovipositing randomly in a landscape of 
milkweed, then focusing on optimal patch size for habitat establishment is unnecessary 
regarding increasing oviposition. The study does not examine mortality or survival, which 
should not be overlooked.  
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CHAPTER 2.    DOES DENSITY OF HOST PLANT INFLUENCE MONARCH 
BUTTERFLY OVIPOSITION IN PRAIRIE HABITATS? 
Modified from a manuscript to be submitted to Environmental Entomology 
 
Teresa Blader1, Richard Hellmich2, and Sue Blodgett1 
 
1Department of Entomology Iowa State University, 2 USDA Agricultural Research 
Service Corn Insects and Crops Genetics Research Unit 
Ames, IA 50011 
Abstract 
Monarch butterfly, Danaus plexippus, overwintering populations in Mexico have 
declined over the past 20 years. One reason attributed to this decline is the loss of 
milkweed (Asclepias spp.) in corn and soybean fields due to growers’ widespread use of 
herbicide-tolerant crops. Reestablishing milkweed and nectar resources is critical to combat 
the population decline. Prairies are important habitat resources and could help compensate 
for this loss if conservation efforts in these habitats are successful in providing milkweed and 
forbs for ovipositing adults and hungry caterpillars. There are many factors to consider when 
establishing habitat for the monarch, including milkweed patch size. If monarchs have a 
patch size preference for oviposition, then optimizing patch size could help maximize egg 
and caterpillar production. We hypothesized that monarch oviposition is not random and is 
influenced by milkweed patch size. 
To test this hypothesis a study was conducted in several prairies where common (A. 
syriaca) and swamp (A. incarnata) milkweed were transplanted into three patch densities and 
was replicated. Plants were examined weekly for eggs and larvae over three summers. 
Results from this study were used to determine if there is an “optimal” patch size for female 
monarch oviposition. There was not a consistent relationship observed with eggs per stem 
nor eggs per patch that indicated an optimal preference among the three patch densities. A 
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higher proportion of eggs per stem were laid in the patch with one stem and a higher 
proportion of eggs per patch were laid in the patch with ten stems. Milkweed height and 
condition were positively correlated to an increase in eggs per stem and eggs per patch for all 
three patch densities.  
Introduction 
Common milkweed (Asclepias syriaca) populations have declined in the Midwest 
United States (Pleasants and Oberhauser, 2013) and in Iowa crop fields by over 90% from 
1999 to 2009 (Hartzler and Buhler, 2000; Hartzler, 2010). Declining milkweed populations 
in the Midwest United States is one of many reasons cited for the decline in hectares of 
roosting monarch butterflies (Danaus plexippus) at overwintering sites in Mexico (Brower et 
al., 2012; Pleasants and Oberhauser, 2013). Other reasons include intensive logging at 
overwintering sites, insecticide and pesticide use, extreme weather, and disease (Brower et 
al., 2012). Monarch larvae are specialist herbivores and feed exclusively on milkweed within 
in the subfamily Asclepiadoideae. Several milkweed species are native to North America and 
adapted to a variety of ecosystems (See Appendix C). In Iowa, there are 18 species and 
several of these are known to be utilized for oviposition and as food sources for larvae 
(Pocius et al., 2017). Common milkweed is the most abundant milkweed species in Iowa and 
several Midwestern states, followed by swamp milkweed (A. incarnata) and whorled 
milkweed (A. verticillata) (Kasten et al., 2016; Appendix C). The Pollinator Task Force 
under the Obama Administration suggested restoring 1.3 ~ 1.6 billion stems in the U. S. 
Midwest to reach a goal of 6 hectares of overwintering monarchs by 2020. A larger 
population could provide a cushion for the fluctuating population and prevent quasi 
extinction of the Eastern monarch butterfly migratory phenomenon during high mortality 
years (Semmens et al., 2016; Thogmartin et al., 2016).  
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Milkweed is established from seed or by transplanting seedlings. There is interest in 
understanding oviposition preference between small or large patches to inform milkweed 
establishment in the landscape. Bowman, et al. (2002) hypothesize, if there is a positive 
relationship between population density of an organism’s offspring and increasing patch size, 
there should be evidence for an increased orientation towards larger patches as an ovipositing 
organism disperses aerially. Several studies show both positive and negative relationships 
exist between patch size and insect abundance or oviposition depending on the species 
(Solomon, 1981; Bach, 1988; Halpern et al., 2014; Tjørnløv et al., 2015). For monarchs, 
patch size effects on oviposition is important to understand for habitat establishment 
strategies. For example, if there is a positive relationship between egg density and patch size 
and increased orientation to larger patches, than planting larger patches might increase the 
conservation value of the milkweed.  
However, a few studies suggest more monarch eggs are found on fewer and isolated 
stems than larger patch densities (Zalucki and Suzuki, 1987, Stenoien et al., 2015). Zalucki 
and Suzuki (1987) observed more eggs on isolated stems. In a citizen scientist study 
assessing egg density, data from observations, where only a few stems were monitored, were 
removed from the analysis because typically those observations had “abnormally high 
densities” (Stenoien et al., 2015). According to Bowman’s hypothesis, this could imply that 
monarch females randomly search and do not have an orientation to patch size, but may be 
effected by patch edges (Bowman, et al., 2002). Larger patches may have a higher sex ratio 
of males, potentially driving females to sites with fewer stems for oviposition (Bull et al., 
1985).  
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With a declining and potentially threatened monarch population, all efforts to 
establish milkweed should be optimized to reflect observed monarch oviposition behavior. If 
a female is inherently predisposed to oviposit one egg in a patch and move on, planting a 
homogenous acre of milkweed might result in poor utilization and wasted resources. 
However, there is a knowledge gap for monarch oviposition preference. Understanding 
milkweed density and oviposition behavior will help us optimize our approach to monarch 
habitat establishment. On the other hand, if monarch butterfly oviposition is not influenced 
by patch size and females disperse eggs randomly across a landscape, patch size 
considerations are less important regarding oviposition.  
Oviposition preference can be measured as eggs per stem or eggs per patch, but as a 
statistic for estimating preference, both are biased (Fig 1; Table 1). An equal number of eggs 
per patch could indicate no difference among patch densities, though the average eggs per 
stem will be higher for a single stem because it is divided by one. Preference could be 
measured by the location of a single egg when presented with a choice for oviposition among 
patch densities. In this study, we hypothesize both eggs per stem and eggs per patch monarch 
oviposition is not random. We predict the number of eggs laid in patches established in 
prairies with three patch densities (1, 5, and 10) will be different. If these data indicate any 
preference then the results could inform conservation practices to establish monarch habitat. 
 
Fig 1 Comparing preference between ten stems and one stems (Table 1) 
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Table 1 Preference results when indicated by eggs per stem and eggs per patch 
Patch Size Eggs per stem Eggs per patch 
7 eggs laid per patch 
10 stems 0.7 7 
1 stem 7 7 
Preference 1 stem none 
7 eggs laid per stem 
10 stems 7 70 
1 stem 7 7 
Preference none 10 stems 
Note. Eggs per stem and egg per patch could both be used to indicate monarch oviposition 
preference; eggs per stem will be biased towards fewer stems because of dividing by the total 
number of stems in the patch and eggs per patch will be biased towards larger patches 
because it is cumulative. 
 
Methods and Materials 
Establishment of Replicates 
Monarch butterfly oviposition was observed on milkweed (referred to as “stems”) in 
established prairies for three summer breeding seasons (2015 – 2017) in Story and Boone 
Counties, Iowa. In spring 2015, A. syriaca seedlings (n = 256) (Iowa ecotype) from Taylor 
Creek Nurseries (Baldwin City, KS) were transplanted into prairies after a two-week 
“hardening off” period. Sites were selected from available established prairies on three Iowa 
State University (ISU) Research Farms and a private landowner for a total of four farms (Fig 
2). Each replicate contained 16 stems planted in three densities (referred to as “patch(es)”) of 
1, 5, and 10 stems in a triangle formation (Fig 3). On each farm, four replications were 
established, for a total of 16 replicates in 2015. In 2016 and 2017, replicates doubled on each 
farm to include A. incarnata seedlings (n = 256), also from Taylor Creek Nurseries, for a 
total of 32 replicates (16 = A. syriaca, 16 = A. incarnata). Replicates on each farm were 
separated by at least 100m.  
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Fig 2 Location of four farms surrounding Ames, IA 50011 
 
Fig 3 Three patches of 1 stem, 5 stems, and 10 stems were planted 10m apart. This was 
replicated eight times on four farms for a total of 32 replicates; 16 replicates contained A. 
syriaca and 16 replicates contained A. incarnata. The black border represents where poultry 
fence and deer repellant systems were implemented to protect stems (2m2 area). 
Replicates were prepared by mowing a 2m2 area, drilling holes into the soil 50cm 
apart, and planting seedlings with a mix of top soil and compost to a depth of at most 15cm. 
Each patch was separated by 10m. Resident “wild” milkweed stems within a 25m radius 
from the center of the triangle were removed. All patches were surrounded with 24” poultry 
netting and PlotSaver© deer repellant system to prevent deer and rabbits from consuming 
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plants (Fig 4). In 2017, each stem was surrounded by a 4x4” diameter steel mesh cylinder to 
protect plants from voles. Stems eaten, pulled out of the ground, or senesced were replaced 
with new stems on a weekly basis. Neither the fencing nor the deer repellant prevented 
monarchs from ovipositing on the plants, but did prevent feeding on plants by rabbits, deer, 
and voles. Plants seriously damaged or missing were considered not available (“NA”). Stems 
were watered as needed, especially during early establishment on a weekly basis.  
 
Data Collection 
Observations of weather, stem characteristics, and oviposition were collected May ~ 
August each year. In 2015 monitoring occurring between Julian day (JD) 147 – 246; in 2016, 
JD 147 – 236; and in 2017, JD 150 – 243. Observations of all replicates occurred 
approximately once every 7 days, weather permitting (referred to as “week”). Oviposition 
preference was quantified by counting the total number of eggs laid by wild monarchs on 
each stem within each patch over the sampling period. In 2015, 2016, and 2017 the number 
of eggs and larvae by instar was recorded per stem. In 2016 and 2017 other covariates were 
measured for each stem including plant height (cm), status (W = vegetative, F = flowering, P 
= pods, D = flowering done, but no pod production, and S = senescent), condition (1- 
senesced, 2 – almost senesced, 3 – damaged, 4 – healthy with damage, 5 – new; Fig 5), and 
the presence or absence of ants, aphids, and spiders.  
Monarch biology indicates that it is possible for an egg to hatch and go through at 
most two molts within a week dependent on temperature. Eggs, 1st instars, and 2nd instars 
were summed for the total number of eggs laid per week (referred to as “eggs”). Any larvae 
at 3rd – 5th instar was recorded, but not included in the analysis to avoid double counting or 
including larvae that traveled into the patch. Eggs and larvae were removed to prevent leaf 
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consumption. Eggs and larvae were added to the Iowa Monarch Conservation Consortium 
monarch rearing and research colony. 
A replicate with a total number of eggs or larvae = “0” for the breeding season was 
not included in the model comparing patch densities because there was no indication of 
choice among patches. A replicate with zero eggs or larvae for a week was removed from the 
analysis. The reason for this is because the monarch lifecycle is cyclical with 2-3 peaks 
during the summer in Iowa leaving some weeks with very few eggs. Migrating monarchs in 
the spring typically lay a higher number of eggs, die, and then there is a decrease in 
oviposition activity until those eggs emerge as reproductive adults. It is not unusual to see 2-
3 weeks of low monarch egg counts between peaks. A replicate was excluded if there were 
no stems in the patch of 1 or there were more than two missing or senescent stems from the 
patch of 5 or 10.  
Growing degree hours per week (GDHweekly) was calculated via the ISU Soil Moisture 
Network utilizing the Ames ISU Agriculture Engineering/Agronomy Farm (Boone County, 
BOOI4) weather station; selecting “Hourly Precipitation” and “Air Temperature” for 2015, 
2016, and 2017. Monarch butterfly reproductive temperature range is 69° – 90°F. GDHweekly 
was calculated by the following equation:  
GDHweekly = ∑daily [∑hourly (F°hour - 69°)]; <69° or >90° ∉ GDHweekly  
Growing degree hours per week was used instead of Growing Degree Days because 
of the variability of temperature within each day. Small increases in temperature would be 
overlooked using Growing Degree Days during cooler months in late spring and early fall. 
The average temperature of the day could be below 69°F, but may still contain several hours 
of oviposition conditions. Weather and time constraints prevented observations for all 
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replicates on the same day so GDHweekly was calculated based on time between observations 
for each replicate. Hourly precipitation was summed for the total precipitation between 
weeks.  
Landscape Classification of Farms and Replicates 
Unsupervised landscape classification in ArcMap™ 10.4 was used to examine broad 
scale landscape effects and differences between farms using 2m pixel natural and infrared 
aerial images from summer 2015. Images for 2016 and 2017 were not available at time of 
analysis. GeoTIFF raster images were downloaded from the Iowa Geographic Map Server 
for a circular area with a 2km radius for each farm. IsoCluster Unsupervised Classification 
tool ran with 4 wavelength bands (3 from infrared and 1 from natural color), 40 classes, and 
the default settings for minimum class size and sample interval. The output was a raster of 
pixels where the wavelength of each pixel in the image was averaged and grouped together 
with similar pixels within one standard deviation for each class.  
The output classified raster was reclassified using the NLCD 92 Land Cover Class 
Definitions (See Appendix A), which are Water, Barren, Shrubland, Herbaceous 
Upland/Semi-natural Vegetation, Developed, Forested Upland, Non-Natural Woody, 
Herbaceous Planted/Cultivated, and Wetlands. Not all classifications were easily 
distinguished so they were combined into six categories: crop; woody; barren, mud, 
developed; water, shadow; grass, prairie, pasture; and “young vegetation”. “Crop” consisted 
of row crops like corn, soybeans, and oats; “woody” consisted of trees and shrubs; “barren, 
mud, developed” included houses, roads, and field areas where crops were not planted; 
“water, shadow” included shadows, streams, water bodies, and drainage ditches; “grass, 
prairie, pasture” consisted of non-crop dominated areas, roadsides, as well as established 
prairies, hayfields, or pastures; “young vegetation” included fresh vegetation at field edges or 
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wet spots, weeds in fields, and other unknown vegetation. Classes were matched and verified 
by visiting the areas and comparing with the aerial images.  
After classification, the “buffer” tool was used to clip out a 200m and 2km radius 
from the center of all replicates by farm, and a 50m radius from the center of each replicate. 
To compare percent land cover type with ANOVA, the total acres of each land cover 
classification was calculating using the “field calculator” on the clipped images by 
converting 2m2 pixels to acres. Percent land cover results were used in the statistical model 
and in the discussion of results. 
Data Analysis 
Monarch egg data were analyzed in R (R Core Team, 2017) using a negative 
binomial distribution with the ‘glm.nb’ function under the package “MASS” (Venables and 
Ripley, 2002). This model was selected because it is appropriate for count data, but unlike a 
Poisson model, a negative binomial does not assume the variance is equal to the mean and 
can account for a nonlinear relationship between the mean and the variance among categories 
such as patch treatments (Ver Hoef and Boveng, 2007; Zeileis and Kleiber, 2008). Eggs per 
stem and eggs per patch were modeled against patch size, year, week, farm, and milkweed 
species, both together and separately to examine variation in patch density between the 
covariates. This assumes independence among patch densities within each replicate on the 
farm, which is likely inaccurate so an additional model was used to predict eggs per stem and 
eggs per patch with an offset based on the total number of eggs in each replicate for each 
observation.  
The coefficient estimates represent the log ratio and can be interpreted by looking at 
the positive or negative relationship and the z-value; a one-unit increase in the log ratio of the 
parameter will cause the log ratio of the dependent variable to change by the estimate. 
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Adding an offset based on the total number of eggs in each replicate creates a proportion in 
the model. The exponential of the estimate with an offset represents the proportion of eggs 
laid in a patch or on a stem considering the total eggs laid in the replicate. Negative binomial 
is based on the natural log, so the offset was based on the natural log as well. Model selection 
was based on results from maximum likelihood ratio (MLR) with a Chi-square test using the 
function ‘anova’ under the package “stats” (R Core Team, 2017) and the Akaike Information 
Criterion (AIC) comparing models with various fixed effects. Other covariates such as 
height, status, condition and the presence/absence of ants, aphids, and spiders were measured 
and recorded per stem and were only assessed using data from 2016 and 2017. Coefficients 
that were not significant predictors were not included in the model.  
 Multiple comparisons of the mean using the ‘glht’ function in the “multcomp” 
package (Hothorn et al., 2008) were used to compare the three patch densities against each 
other for eggs per stem and eggs for patch by year, farm, species, status, and the presence of 
ants, aphids, and spiders.  
 
Fig 5 An example of a successfully established replicate of swamp milkweed 
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.
Fig 6 Stem condition was based on a scale from 1 to 5. A condition score of “0” indicated a stem was missing; a score of “1” 
indicated a stem with no leaves and no green color or dead; a score of “2” indicated no leaves with some green color in the stem 
or not completely dead; a score of “3” indicated more than two leaves were damaged or withered; a score of “4” indicated a 
healthy stem with a few leaves damaged or withered; a score of “5” indicated new growth or a stem with minimal to no damage 
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 Results 
Replicates Sampled 
Each week all 16 replicates were observed in 2015; this continued over 14 weeks; all 
32 replicates were observed in 2016 over 14 weeks and in 2017 over 15 weeks from May to 
August. Several replicates were excluded over all three years. Across all weeks for each year 
this left n = 111 replicates out of 224 (49.5%) in 2015; n = 88 out of 448 (19.6%) in 2016; 
and n = 120 out of 480 (25%) in 2017. Stems in excluded replicates were still observed for 
eggs, but those data were not included in the analysis. In 2016, zero eggs were observed on 
stems at Farm C. Across all weeks for each year 1,129 eggs out of 1,223 eggs (92.3%) were 
observed and included in the analysis in 2015; 583 out of 601 (97.0%) in 2016; and 975 out 
of 1,012 (96.3%) in 2017. While a large percentage of replicates were excluded from the 
analysis (>50%), less than eight percent of the data was eliminated by excluding replicates 
that no longer matched the experimental design.  
Eggs per Patch vs Eggs per Stem  
Preference is indicated by average eggs per stem and average eggs per patch so each 
metric is presented during the analysis. In a model predicting eggs per patch while fitting the 
fixed effects of patch size, year, week, farm, and species there was a significant difference 
among all variables, besides farm (see Table 2A). The same results were seen in a similar 
model predicting eggs per stem with the same fixed effects (Table 3A). The first model 
(Table 2A; Table 3A) assumed equal independence among the three patches and is helpful 
when comparing patch effects year to year or farm to farm, but neglected the lack of 
independence of patches within replicates. An offset was added in the model and turned the 
predicted variable into a ratio off eggs per patch over total eggs per replicate (Equation 1). 
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Adding an offset produced a better fitting model for both eggs per patch (Table 2B) 
and eggs per stem (Table 3B) indicated by a lower AIC value and was significantly better 
model in comparison to the model without the offset (eggs per patch: maximum likelihood 
ratio (MLR) test statistic = 695.1, p-value = 0; eggs per stem MLR test statistic = 1,282.0, p-
value =0). When the offset is included in the model patch size is still a significant parameter 
in predicting eggs per patch (Table 2B) and eggs per stem (Table 3B), but no longer shows a 
significant effect observed between year, week, farm, and plant species and those values 
were removed from the model. Adding an offset in a negative binomial model creates a 
proportion of the eggs laid per stem or per patch based on the total eggs oviposited in the 
replicate. 
Table 2 Negative binomial linear model results predicting eggs per patch with and without 
an offset based on the total number of eggs laid within the replicate 
Table 2A Eggs per patch without offset Table 2B Eggs per patch with offset 
 Estimate SE z p-value  Estimate SE z p-value 
Intercept -2.224 0.373 -5.95 <0.001  -2.228 0.258 -8.62 <0.001 
Patch 5 1.055 0.119 8.85 <0.001  1.075 0.087 12.26 <0.001 
Patch 10 1.596 0.116 13.64 <0.001  1.613 0.084 19.16 <0.001 
2016 -1.106 0.136 -8.11 <0.001  0.077 0.092 0.84 0.401 
2017 -0.819 0.124 -6.57 <0.001  0.137 0.083 1.64 0.101 
Week 0.071 0.012 5.76 <0.001  -0.0003 0.008 -0.04 0.963 
Farm B 0.326 0.123 2.64 0.0081  -0.006 0.083 -0.07 0.938 
Farm C -0.105 0.162 -0.64 0.5175  0.011 0.111 0.10 0.916 
Farm D 0.786 0.130 6.04 <0.001  -0.007 0.086 -0.08 0.932 
Swamp 0.756 0.115 6.55 <0.001  -0.071 0.080 -0.80 0.377 
AIC 3944.5 Theta = 0.6447 (SE 0.043) 
Null deviance: 1377.8 on 1031 degrees of freedom 
Residual deviance: 1021.8 on 1022 df 
AIC 3285.3 Theta= 3.465 (SE 0.463)) 
Null deviance: 1483.8 on 1031 degrees of freedom 
Residual deviance: 1081.1 on 1022 df 
Model Comparison Maximum Likelihood Ratio Test: Likelihood Ratio Statistic= 659.1 ; p-value = 0 
Note. Coefficients and their statistics explaining variation in eggs per patch. Estimates are 
interpreted as the log ratio of eggs per patch. Table 2B is a better performing model than 
Table 2A in predicting eggs per stems with a lower AIC values and a statistically significant 
difference in the maximum likelihood ratio test (p-value = 0). 
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Table 3 Negative binomial linear model results predicting eggs per stem with and without an 
offset based on the total number of eggs laid within the replicate 
Table 3A Eggs per stem without offset Table 3B Eggs per stem with offset  
 Estimate SE z p-value  Estimate SE z p-value 
Intercept -2.045 0.259 -7.85 <0.001  -2.228 0.258 -8.62 <0.001 
Patch 5 -0.630 0.118 -5.34 <0.001  1.075 0.087 12.26 <0.001 
Patch 10 -0.737 0.112 -6.57 <0.001  1.613 0.084 19.16 <0.001 
2016 -1.125 0.090 -13.78 <0.001  0.077 0.092 0.84 0.748 
2017 -1.120 0.084 -13.32 <0.001  0.137 0.083 1.64 0.525 
Week 0.071 0.008 8.70 <0.001  -0.0003 0.008 -0.04 0.993 
Farm B 0.328 0.081 4.03 0.0081  -0.006 0.083 -0.07 0.959 
Farm C -0.127 0.108 -1.17 0.239  0.011 0.111 0.10 0.970 
Farm D 0.725 0.085 8.52 <0.001  -0.007 0.086 -0.08 0.980 
Swamp 0.929 0.078 11.89 <0.001  -0.071 0.080 -0.80 0.714 
AIC 9708.4 Theta = 0.3974 (SE 0.0207) 
Null deviance: 3991.9 on 5503 degrees of freedom 
Residual deviance: 3562.8 on 5494 df 
AIC 8426.4 Theta= 1.238 (SE 0.0981) 
Null deviance: 3726 on 5503 degrees of freedom 
Residual deviance: 3669.5 on 5494 df 
Model Comparison Maximum Likelihood Ratio Test: Likelihood Ratio Statistic = 1282.0 ; p-value = 0 
Note. Estimates are interpreted as the log ratio of eggs per patch. Table 3A shows the results 
of using patch size, year, week, farm, and species to predict the number of eggs per patch 
assuming independence of patches within each replicate. Table 3B shows the same model but 
includes an offset of the natural log of the total number of eggs laid in a replicate. Patch size 
is still significant, but there are no effects of year, week, farm, or species. The model in Table 
3B was a better fit than Table 3A in predicting eggs per stems with a lower AIC values and a 
statistically significant difference in the maximum likelihood ratio test (p-value = 0).  
 
When the fixed effects that did not predict the eggs per stem or eggs per patch with 
statistical confidence were removed, the proportion of eggs laid in a replicate within the 10 
patch was 4.98 times higher (4.23-5.88 95% CI) than the 1 patch (z-score = 19.15, p-
value=<0.001) and 2.07 times higher (1.79 – 2.42 95% CI) than the 5 patch (z-score = 7.95, 
p-value = <0.001) (Fig 6; Table 4A). The proportion of eggs laid per stem was highest for 
stems in the 1 patch when compared to the 5 patch, which was 0.56 times lower (0.46 - 0.68 
95% CI; z-score= -5.91, p-value= <0.001; Fig 7; Table 4B). The proportion of eggs laid per stem 
in the 10 patch was 0.49 times lower (0.43 - 0.59 95% CI) than the 1 patch (z-score= -7.61, p-
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value=<0.001). The proportion of eggs laid per stem was similar between the 10 patch and 
the 5 patch (z-score= -2.26, p-value= 0.0578).  
Table 4 Comparison of patch sizes using model with offset based on the total number of eggs 
laid in the replicate using patch size as the only fixed effect 
Table 4A– Proportion Eggs Laid per Patch AIC 3,274 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.11 (0.097, 0.13) -2.192 0.071 -30.87 <0.001 
Patch 5 2.91 (2.45, 3.46)  1.067 0.087 12.21 <0.001 
Patch 10 4.98 (4.23, 5.88)  1.606 0.084 19.15 <0.001 
Null deviance: 1488.5 on 1031 df Residual deviance: 1086.6 on 1,029 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 1.067 0.087 12.21 <0.001 
10 – 1 == 0 1.606 0.084 19.15 <0.001 
10 – 5 == 0 0.538 0.067 7.95 <0.001 
Table 4B– Proportion Eggs Laid per Stem AIC 8,421.8 
(Intercept) 0.11 (0.096, 0.13) -2.169 0.086 -25.28 <0.001 
Patch 5 0.56 (0.46, 0.68) -0.573 0.097 -5.91 <0.001 
Patch 10 0.49 (0.43, 0.59) -0.701 0.092 -7.61 <0.001 
Null deviance: 3726.5 on 5503 df Residual deviance: 3670.4 on 5501 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 -0.573 0.097 -5.91 <0.001 
10 – 1 == 0 -0.701 0.092 -7.61 <0.001 
10 – 5 == 0 -0.127 0.056 -2.26 0.0578 
Note. The exponential estimate “exp(Estimate)” reprents the incident rate of eggs per patch. 
For Table 4A, there is statistically significant evidence that the incident rate is on average 
5.56 times higher in the 5 patch than the 1 patch given the exponential 95% confidence 
interval. 
  
Equation 1 Negative Binomial and Poisson model output including offset creates a ratio of 
the predicted variable 
 
 
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑌𝑌 = 𝑙𝑙𝑙𝑙𝑙𝑙𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆𝑝𝑝𝑆𝑆 𝑙𝑙𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝 𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃ℎ) =  𝛽𝛽′(𝑋𝑋 = 𝑃𝑃𝑃𝑃𝑆𝑆𝑃𝑃ℎ 𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝) +
log(𝜀𝜀 = 𝑆𝑆𝑙𝑙𝑆𝑆𝑃𝑃𝑙𝑙 𝑛𝑛𝑛𝑛𝑆𝑆𝑛𝑛𝑝𝑝𝑝𝑝 𝑙𝑙𝑜𝑜 𝑝𝑝𝑙𝑙𝑙𝑙𝐸𝐸 𝑙𝑙𝑃𝑃𝑆𝑆𝑙𝑙 𝑆𝑆𝑛𝑛 𝑆𝑆ℎ𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝑆𝑆𝑃𝑃𝑃𝑃𝑆𝑆𝑝𝑝) → 𝒍𝒍𝒐𝒐𝒐𝒐𝒐𝒐(𝒀𝒀/𝜺𝜺) =  𝜷𝜷′𝑿𝑿  
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Fig 7 Proportion of eggs laid per patch treatment based on total 
number of eggs laid in the entire replicate over all weeks and 
all years. In a Tukey multi-comparison by patch size, a 
significantly higher proportion eggs per patch were laid in the 
patch of 10 stem than 1 (z-score = 19.15, p-value = <0.001) or 
5 (z-score 7.95, p-value = <0.001). 
 
Fig 8 Proportion of eggs laid per stem by patch treatment based 
on total number of eggs laid in the entire replicate over all 
weeks and all years. Value represents average proportion for 
one stem in the patch. A significantly higher proportion eggs 
per stem were laid in patch with a single stem than 5 or 10 
stems. 
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Patch Size Effects by Year 
There were a variety of significant differences among patch size when separated by 
year (Fig 8 and Fig 9). In 2015 the patch of 10 had significantly more eggs per patch than 5 
or 1 (Table 5A), but there was no difference in eggs per stem among all three patch 
treatments (Table 6A). In 2016 the patch of 10 had significantly more eggs per patch than 1, 
and was only significantly different than 5 with a p-value of 0.0183 (Table 5B), however 
there was no difference in the eggs per stem among 1, 5, and 10 (Table 6B). In 2017, the 10 
patch had significantly more eggs per patch than 5 with a p-value of 0.00477, but 1 and the 5 
were not significantly different in a comparison of mean (p-value 0.0573; Table 5C). In 
2017, eggs per stem for 1 was significantly higher than 5 and 10, but there was no difference 
between 5 or 10 (z-score -0.32, p-value 0.941; Table 6C).  
Eggs per stem varied by week, but the peak season occurred in mid-July after week 
27 of the calendar year (Fig 10). The observation weeks in 2015 had higher precipitation and 
lower growing degree hours per week than in 2016 and 2017.  
 
 
Fig 9 Average eggs laid per patch was 
significantly higher in the patch of 10 stem 
(Table 5).
 
Fig 10 Average eggs laid per stem was 
significantly in the 1 patch only in 2017 
(Table 6).
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Table 5 Comparison of patch density for eggs per patch by year 
Note. The exponential estimate “exp(Estimate)” reprents the indcident rate of eggs per 
patch. For Table 5A, the statisitcally significant evidence that the incident rate is on 
average 5.56 times higher in the 5 patch than the 1 patch given the exponential 95% 
confidence interval. This helps to show the rate eggs per patch increases among 1, 5, and 
10. 
 
Table 5A Year 2015 – glm.nb(Eggs Per Patch ~ Patch Size) AIC 1813.6 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.60 (0.46, 0.75) -0.510 0.123 -4.15 <0.001 
Patch 5 5.56 (4.31, 7.28)  1.715 0.133 12.83 <0.001 
Patch 10 10.62 (8.32, 12.79)  2.362 0.128 18.35 <0.001 
Null deviance: 1716.2 on 329 df Residual deviance: 1102.3 on 327 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 1.715 0.133 12.83 <0.001 
10 – 1 == 0 2.362 0.128 18.35 <0.001 
10 – 5 == 0 0.647 0.064 10.04 <0.001 
Table 5 Year 2016 – glm.nb(Eggs Per Patch ~ Patch Size) AIC 994.5 
(Intercept) 0.61 (0.41, 0.92) -0.428 0.204 -2.36 <0.001 
Patch 5 3.32 (1.97, 5.63) 1.202 0.266 4.50 <0.001 
Patch 10 6.34 (3.80, 10.64) 1.847 0.262 7.04 <0.001 
Null deviance: 308.30 on 281 df Residual deviance: 259.67 on 279 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 1.202 0.266 4.50 <0.001 
10 – 1 == 0 1.847 0.262 7.04 <0.001 
10 – 5 == 0 0.645 0.238 2.71 0.0183 
Table 5C Year 2017 – glm.nb(Eggs Per Patch ~ Patch Size) AIC 1588.5 
(Intercept) 1.27 (0.94, 1.74) 0.240 0.153 1.53 0.1249 
Patch 5 1.64 (1.07, 2.50) 0.495 0.216 2.28 0.0221 
Patch 10 3.14 (2.07, 4.77) 1.146 0.212 5.39 <0.001 
Null deviance: 424.48 on 419 df Residual deviance: 394.54 on 417 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 0.495 0.216 2.28 0.0573 
10 – 1 == 0 1.146 0.212 5.39 <0.001 
10 – 5 == 0 0.651 0.207 3.14 0.0048 
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Table 6 Comparison of patch density for eggs per stem by year 
Note. The exponential estimate “exp(Estimate)” represents the incident rate of eggs per 
stem. For Table 6A, the incident rate is on average 1.11 times higher in the 5 patch than 
the 1 patch, but there is no statistically significant difference given a p-value of 0.551. 
This helps to show at what rate eggs per stem increases among 1, 5, and 10. 
 
 
Table 6A Year 2015 – glm.nb(Eggs Per Stem ~ Patch Size) AIC 3877 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.60 (0.43, 0.82) -0.510 0.163 -3.11 0.00182 
Patch 5 1.11 (0.78, 1.58) 0.106 0.178 0.59 0.551 
Patch 10 1.06 (0.75, 1.49) 0.060 0.171 0.35 0.725 
Null deviance: 1515.9 on 1759 df Residual deviance: 1515.4 on 1757 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 0.106 0.178 0.59 0.816 
10 – 1 == 0 0.060 0.171 0.35 0.931 
10 – 5 == 0 -0.046 0.087 -0.52 0.853 
Table 6B Year 2016 – glm.nb(Eggs Per Stem ~ Patch Size) AIC 2630.5 
(Intercept) 0.61 (0.37, 1.04) -0.482 0.258 -1.86 0.0620 
Patch 5 0.66 (0.37, 1.15) -0.407 0.286 -1.42 0.1552 
Patch 10 0.63 (0.36, 1.06) -0.454 0.273 -1.65 0.0959 
Null deviance: 804.39 on 1503 df Residual deviance: 801.46 on 1501 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 -0.407 0.286 -1.42 0.318 
10 – 1 == 0 -0.454 0.273 -1.65 0.209 
10 – 5 == 0 -0.047 0.151 0.316 0.994 
Table 6C Year 2017 – glm.nb(Eggs Per Stem ~ Patch Size) AIC 3616.1 
(Intercept) 1.27 (0.86, 1.95) 0.240 0.207 1.15 0.248 
Patch 5 0.32 (0.20, 0.51) -1.114 0.232 -4.78 <0.001 
Patch 10 0.31 (0.20, 0.47) -1.156 0.220 -5.23 <0.001 
Null deviance: 1194.5 on 2239 df Residual deviance: 1159.8 on 2237 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 -1.114 0.232 -4.78 <0.001 
10 – 1 == 0 -1.156 0.220 -5.23 <0.001 
10 – 5 == 0 -0.041 0.128 -0.32 0.941 
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Fig 11 Average eggs per stem for each observation week of the calendar year for all observed replicates. Peaks typically represent a 
new generation of emerging butterflies.
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Patch Size Effects by Farm 
Eggs per patch was always highest for patch 10 (Fig 11) and eggs per stem was 
always highest for patch 1 (Fig 12), but none were consistently different from the other 
patches (Table 7; Table 8). Farm D had more eggs per patch and eggs per stem than the other 
farms. In a comparison of landscape classifications at a 50m radius of each replicate (Fig 13), 
farm D had a significantly higher percentage of land cover type as crop than farms A and B, 
and significantly lower percentage of area as grass, prairie, and pasture than farms A, B, and 
C. 
 
 
Fig 12 The average eggs laid per patch 
was significantly higher proportion eggs 
per patch were laid in the patch of 10 
stem. (Table 7)
 
Fig 13 The average eggs laid per stem was 
significantly higher proportion eggs per 
stem were laid in the 1 patch only in 2017. 
(Table 8)
Patch Size Effect by Species 
For both common and swamp milkweed, eggs per patch was significantly higher for 
the 10 patch (Fig 14; Table 9) and eggs per stem was significantly higher for the 1 patch (Fig 
15; Table 10). Swamp milkweed had more eggs per patch and more eggs per stem than 
common milkweed (Est. = 0.929, SE 0.078, Z score = 11.89, p-value <0.001; Table 3A).  
30 
  
Table 7 Comparison of patch density for eggs per patch by farm 
Note. The exponential estimate “exp(Estimate)” represents the incident rate of eggs per 
patch. For Table 7A, the statistically significant evidence that the incident rate is on average 
2.83 times higher in the 5 patch than the 1 patch given the exponential 95% confidence 
interval and p-value of <0.001. This help to show at what rate eggs per patch increases 
among 1, 5, and 10. 
 
Table 7A Farm A – glm.nb(Eggs Per Patch ~ Patch Size) AIC 901.81 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.61 (0.41, 0.91) -0.481 0.198 -2.43 <0.001 
Patch 5 2.83 (1.71, 4.72) 1.040 0.258 4.03 <0.001 
Patch 10 5.92 (3.62, 9.73) 1.779 0.251 7.08 <0.001 
Null deviance: 295.85 on 257 df Residual deviance: 244.75 on 255 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 1.040 0.258 4.03 <0.001 
10 – 1 == 0 1.779 0.251 7.08 <0.001 
10 – 5 == 0 0.738 0.225 3.27 0.0031 
Table 7B Farm B – glm.nb(Eggs Per Patch ~ Patch Size) AIC 1401.6 
(Intercept) 0.66 (0.48, 0.92) -0.405 0.164 -2.47 0.0134 
Patch 5 4.62 (3.07, 6.99) 1.531 0.209 4.03 <0.001 
Patch 10 6.08 (4.05, 9.18) 1.806 0.208 7.08 <0.001 
Null deviance: 432.8 on 359 df Residual deviance: 355.26 on 357 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 1.531 0.209 7.31 <0.001 
10 – 1 == 0 1.806 0.208 8.67 <0.001 
10 – 5 == 0 0.274 0.183 1.50 0.29 
Table 7C Farm C – glm.nb(Eggs Per Patch ~ Patch Size) AIC 491.74 
(Intercept) 0.52 (0.30, 0.87) -0.650 0.266 -2.43 0.0147 
Patch 5 3.95 (2.07, 7.69) 1.375 0.333 4.12 <0.001 
Patch 10 6.58 (3.49, 12.64) 1.884 0.327 5.76 <0.001 
Null deviance: 170.56 on 137 df Residual deviance: 135.93 on 135 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 1.375 0.333 4.12 <0.001 
10 – 1 == 0 1.884 0.327 5.73 <0.001 
10 – 5 == 0 0.508 0.275 1.84 0.153 
Table 7D Farm D – glm.nb(Eggs Per Patch ~ Patch Size) AIC 1236.7 
(Intercept) 1.57 (1.13, 2.22) 0.454 0.170 2.66 0.0076 
Patch 5 1.63 (1.02, 2.59) 0.491 0.235 2.08 0.0369 
Patch 10 4.62 (2.94, 7.25) 1.530 0.229 6.65 <0.001 
Null deviance: 333.03 on 275 df Residual deviance: 283.55 on 273 df 
Multiple Comparisons of Mean: Tukey      
 5 – 1 == 0 0.491 0.235 2.08 0.0925 
10 – 1 == 0 1.530 0.229 6.65 <0.001 
10 – 5 == 0 1.039 0.223 4.64 <0.001 
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Table 8 Comparison of patch density for eggs per stem by farm 
Note. The exponential estimate “exp(Estimate)” represents the incident rate of eggs per stem. 
For Table 8A, the incident rate in on average 0.56 times lower in the 5 patch than the 1 patch 
with a p-value of 0.042. This help to show at what rate eggs per stem increases among 1, 5, 
and 10. 
Table 8A Farm A – glm.nb(Eggs Per Stem ~ Patch Size) AIC 2105.1 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.61 0.38, 1.02 -0.484 0.250 -1.93 0.0536 
Patch 5 0.56 0.35, 0.96 -0.569 0.280 -2.03 0.0421 
Patch 10 0.59 0.34, 0.98 -0.523 0.265 -1.97 0.0487 
Null deviance: 767.85 on 1375 df Residual deviance: 763.27 on 1373 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 -0.569 0.279 -2.03 0.0988 
10 – 1 == 0 -0.523 0.265 -1.97 0.1131 
10 – 5 == 0 -0.045 0.151 0.30 0.9497 
Table 8B Farm B – glm.nb(Eggs Per Stem ~ Patch Size) AIC 3482.9 
(Intercept) 0.66 0.46, 0.97 -0.405 0.189 -2.13 0.0325 
Patch 5 0.92 0.61, 1.38 -0.077 0.208 -0.37 0.7081 
Patch 10 0.60 0.40, 0.89 -0.496 0.200 -2.41 0.0135 
Null deviance: 1280.3 on 1919 df Residual deviance: 1262.3 on 1917 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 -0.077 0.208 -0.374 0.9227 
10 – 1 == 0 -0.496 0.200 -2.471 0.0334 
10 – 5 == 0 -0.418 0.108 -3.853 0.0003 
Table 8C Farm C – glm.nb(Eggs Per Stem ~ Patch Size) AIC 1185 
(Intercept) 0.52 0.29, 0.91 -0.650 0.286 -2.27 0.0231 
Patch 5 0.79 0.42, 1.47 -0.233 0.317 -0.73 0.4613 
Patch 10 0.65 0.36, 1.19 -0.418 0.303 -1.37 0.1689 
Null deviance: 499.92 on 735 df Residual deviance: 497.36 on 733 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 -0.569 0.279 -2.03 0.0988 
10 – 1 == 0 -0.523 0.265 -1.97 0.1130 
10 – 5 == 0 0.045 0.151 0.30 0.9497 
Table 8D Farm D – glm.nb(Eggs Per Stem ~ Patch Size) AIC 3206 
(Intercept) 1.57 1.07, 2.39 0.454 0.204 2.22 0.0261 
Patch 5 0.32 0.20, 0.50 -1.118 0.230 -4.85 <0.001 
Patch 10 0.46 0.29, 0.69 -0.772 0.216 -3.56 0.00036 
Null deviance: 1059.3 on 1471 df Residual deviance: 1032.3 on 1469 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 -1.118 0.230 -4.85 <0.001 
10 – 1 == 0 -0.772 0.216 -3.56 0.00099 
10 – 5 == 0 0.346 0.127 2.72 0.0167 
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Fig 14 Average percent land cover within a 50m radius of each replicate by farm. Farm C has significantly less crop than Farm A, B, 
and C. Farm D has significantly more crop and significantly less grass, prairie, and pasture than Farm A, B, and C based on an 
unsupervised landscape classification and an ANOVA. Test was based on average number of pixels of each land cover
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Fig 15 The average eggs laid per patch was significantly in the 
patch of 10 stem. Swamp milkweed had significantly more eggs 
per patch than common milkweed (Table 3A). 
 
 
 
 
 
Fig 16 The average eggs laid per stem was significantly in the 1 
patch only in 2017. Swamp milkweed had significantly more 
eggs per stem than common milkweed (Table 4A).
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Table 9 Comparison of eggs per patch among patch densities by milkweed species 
 
Table 10 Comparison eggs per stem among patch densities by milkweed species 
Table 9A Common Milkweed – (Eggs Per Patch ~ Patch Size) AIC 2683.3 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.78 (0.63, 0.96) -0.244 0.108 -2.26 0.0235 
Patch 5 2.83 (2.15, 3.73) 1.040 0.140 7.39 <0.001 
Patch 10 5.20 (3.97, 6.82) 1.649 0.137 11.98 <0.001 
Null deviance: 855.7 on 704 df Residual deviance: 711.41 on 702 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 1.040 0.140 7.93 <0.001 
10 – 1 == 0 1.649 0.137 11.98 <0.001 
10 – 5 == 0 0.609 0.124 4.90 <0.001 
Table 9B Swamp Milkweed – (Eggs Per Patch ~ Patch Size) AIC 1346.5 
(Intercept) 1.08 (0.76, 1.57) 0.431 0.184 0.43 0.667 
Patch 5 2.80 (1.71, 4.58) 4.130 0.249 4.13 <0.001 
Patch 10 5.68 (3.50, 9.24) 7.046 0.246 7.04 <0.001 
Null deviance: 358.96 on 326 df Residual deviance: 311.64 on 324 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 1.031 0.249 4.13 <0.001 
10 – 1 == 0 1.738 0.246 7.04 <0.001 
10 – 5 == 0 0.706 0.235 3.00 0.0075 
Table 10A Common Milkweed – (Eggs Per Stem ~ Patch Size) AIC 6527.8 
Parameter exp(Estimate) exp(95% CI) Estimate SE z  Pr (>|z|) 
(Intercept) 0.78 0.61, 1.00 -0.244 0.125 -1.95 0.0507 
Patch 5 0.56 0.42, 0.74 -0.568 0.140 -4.05 <0.001 
Patch 10 0.52 0.39, 0.67 -0.652 0.133 -4.89 <0.001 
Null deviance 2533.9 on 3759 df Residual deviance: 2508.9 on 3757 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 -0.568 0.140 -4.05 <0.001 
10 – 1 == 0 -0.652 0.133 -4.89 <0.001 
10 – 5 == 0 -0.084 0.077 -1.08 0.5147 
Table 10B Swamp Milkweed – (Eggs Per Stem ~ Patch Size) AIC 3467.7 
(Intercept) 1.08 0.71, 1.72 0.079 0.224 0.35 0.7237 
Patch 5 0.56 0.33, 0.89 -0.578 0.248 -2.32 0.0200 
Patch 10 0.57 0.35, 0.88 -0.534 0.236 -2.38 0.0171 
Null deviance: 1072.8 on 1743 df Residual deviance: 1066.2 on 1741 df 
Multiple Comparisons of Mean: Tukey      
  5 – 1 == 0 -0.578 0.248 -2.32 0.0488 
10 – 1 == 0 -0.564 0.236 -2.38 0.0420 
10 – 5 == 0 0.013 0.130 0.10 0.9939 
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Stem Height, Status, and Condition 
Height, status, and condition were only measured in 2016 and 2017 as continuous 
variables. Height and condition both produced models with lower AIC values and were 
significantly different from the model without height and condition when compared with a 
MLR test (Table 11). Status by itself was not a significant predictor for eggs per stem, but 
when added with height and condition, produced a model with the lowest AIC value and was 
significantly different from the model without height and condition (p-value 0.0053). Height 
and condition had a positive relationship with eggs per patch. There was a significant 
difference when comparing stems with buds to the vegetative stage, which was positive, and 
flowering to the vegetative stage, which was also positive (Table 13). This indicates that 
stems that have buds or are flowering have higher eggs per patch than stems the vegetative 
stage. There was no difference among the other vegetative stages.  
Table 11 Model comparison shows best fit model is predicting eggs per stem including 
height, condition, and status with the lowest AIC value 
 
Presence and Absence of Ants, Aphids, and Spiders  
There was a positive relationship between the presence of ants, aphids, and eggs per 
stem (Table 12); ants were significantly correlated with a p-value of 0.0084, whereas aphids 
had a non-significant p-value of 0.098 (α=0.05). Adding spiders as a predictor of eggs per 
Model Additional Covariates AIC 2x log- likelihood p-value 
“glm.nb(Eggs per Stem~Patch Size) 
+offset(log(Total Eggs per 
Replicate))” 
 4984.5 -4976.5  
“…” +height 4892.3 -4882.2 0 
“…” +condition 4893.3 -4883.3 0 
“…” +height+condition 4815.2 -4803.1 0 
“…”  +status 4868.2 -4850.2 0.823 
“…”  +height+condition+status 4807.6 -4785.5 0.0053 
“…” +height+condition +height+condition+status 4807.6 -4785.5 1 
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stem resulted in a model with a higher AIC value and was not significantly different from a 
model without spiders (p-value 0.497; Table 13). Ants, aphids, and spiders were expected to 
have a negative relationship to the number of eggs per stem. 
Table 12 Final Model for 2016 and 2017 
glm.nb(Eggs per Stem ~ Patch Size + offset(log(Total Eggs per 
Replicate) + 
Height (cm) + Condition + Status + Ants + Aphids) 
 Estimate SE z-value p-value 
Intercept -4.212 -13.110 -13.11 <0.001 
Patch 5 -0.695 -5.415 -5.41 <0.001 
Patch 10 -0.847 -6.981 -6.98 <0.001 
Height (cm) 0.005 4.053 4.05 <0.001 
Condition 0.422 6.121 6.12 <0.001 
Status – B 0.422 1.948 1.94 0.0513 
Status – F 0.106 0.521 0.52 0.6021 
Status – D -0.132 -0.372 -0.37 0.7099 
Status – P 0.052 0.148 0.14 0.8819 
Status – S -26.9 0.000 0.00 0.9999 
Ants – Presence 0.489 2.635 2.63 0.0084 
Aphids – Presence 0.192 1.653 1.65 0.0983 
AIC 4796.1 Theta = 1.157 (SE 0.124) 
Null deviance: 2366.0 on 3606 degrees of freedom  
Residual deviance: 2132.6 on 3595 degrees of freedom 
Table 13 Ants, Aphids, and Spiders (presence/absence) 
Model Additional Covariates AIC 2x log- likelihood p-value 
“glm.nb(Eggs per Stem~Patch Size) 
+offset(log(Total Eggs per 
Replicate)) 
+height+condition+status” 
 4807.6 -4785.5  
“…” +Ants  4796.6 -4722.5 0.0003 
“…” +Aphids 4800.9 -4776.8 0.00318 
“…” +Spiders 4804.8 -4780.8 0.0291 
“…”  +Ants+Aphids 4796.1 -4770.1 0.0004 
“…”  +Ants+Aphids+Spiders 4797.7 -4769.6 0.00117 
“…”+Ants+Aphids +Ants+Aphids+Spiders 4797.7 -4769.6 0.497 
  
Discussion 
We hypothesized monarch oviposition for eggs per stem and eggs per patch is not a 
random process, but would be different among three patch densities when monarchs were 
given a choice of different sized milkweed patches transplanted into prairie habitats. By 
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removing eggs and larvae each week and adding an offset based on the total number of eggs 
laid in a replicate, we could combine data across all years, farms, and weeks, because those 
fixed effects were not significant. Our results show that there is statistically significant 
difference among patches when given a choice of 1 stem, 5 stems, or 10 stems within a 10m 
distance. Out of all eggs laid in a replicate, females laid a higher proportion of eggs per stem 
on single stems than patches of 5 stems or 10 stems and there was no difference between 5 
stems or 10 stems.  
 However, more eggs are laid per patch in the 10 patch than the 5 or the 1 patch. 
These results were expected because eggs per patch was cumulative. The results seem 
contradictory, as it appears that females are drawn to both the single stem and the patch of 10 
stems, depending on how data is analyzed. Oviposition density may not be the best estimate 
of preference. Or, it may confirm that monarchs are not preferentially ovipositing based on 
patch size, but are responding to other environmental factors.  
Because of this, we analyzed all the replicates that had only one egg laid in a week to 
consider the patch where the first egg was laid. This occurred 75 times over the duration of 
the study. We saw, most frequently, a single egg was placed in the 5 patch (29 times) or the 
10 patch (33 times). A single egg was placed in the patch with 1 plant 13 times. This may be 
a better indicator of preference, but a more controlled experiment is needed to characterize 
female preference and to confirm the female was aware of all stems within a replicate.  
This study assumes a wild female is aware of an entire replicate, is also aware of 
three distinct patches, and that her choice of preference is represented by the location of the 
egg. Two confirmations of this behavior were observed; once in 2015 and again in 2016 at 
farm C. A female flew into the area and visited each stem within each patch density, she left 
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the replicate area, and observations were made. She did not choose to oviposit on each stem, 
but only oviposited on two stems in the patch of 5 on one occasion, and did not oviposit on 
any stems on the other occasion. Stems were of similar height, status, and condition. This 
confirmed that the previously stated assumptions are not unreasonable, but does not 
guarantee every oviposition opportunity was conducted in the same manner for all data.  
A female’s choice for oviposition can be interrupted. On one occasion in 2017 at farm 
D, a wild female, after ovipositing on a neighboring stem in a patch of 5, flew to the next 
stem in the patch. As she approached the stem, within a second, a coleopteran insect 
(possibly Tetraopes tetraophthalmus or Labidomera clivicollis) flew up to the female as if to 
defend territory before returning to the stem. After the interaction the female monarch left the 
patch. Milkweed herbivores were recorded frequently on stems and may have influenced 
oviposition (pers. obs.); however, additional observations are needed to formally address 
these insect interactions.  
This study assumes that early egg and early instar predation did not occur. There was 
no significant relationship between eggs per stem and the presence or absence of spiders. 
There was a positive relationship between the number of eggs per stem and the presence of 
ants and aphids, but was only significant for ants. It is likely some egg and early instar 
predation occurred between weekly observations. A more controlled study, where eggs and 
larvae are not removed, is needed to study predator presence influence on oviposition and 
subsequent predation of eggs and larvae, as well as how these behaviors might be related to 
patch size. 
Monarchs oviposited on stems in each patch. There were four observations of 5th 
instars within the 10 patch across all farms over the three years, but none for the 1 or 5 
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patches. Of those observations, several stems were defoliated. It is unlikely that an egg and a 
third instar would have been missed two weeks in a row as every leaf on the stems were 
examined. Perhaps this suggests 5th instars traveled in from milkweed outside of the replicate 
area and were attracted to the patch of 10 stems over the other patches. Currently, little is 
known about monarch larval interplant movement, which could be another research area to 
pursue. 
Patch Size Differences among Year, Farm, Species, and Stem Quality 
Growing degree hours per week was lower in 2015 (644 ±329 GDH/WK) than 2016 
(856 ±314 GDH/WK) and 2017 (859 ±397 GDH/WK) during the study. There was also 
higher precipitation recorded in 2015 (21.76 inches) than 2016 (16.33 inches) and 2017 (8.05 
inches) during the study. This may be why more eggs per stem were observed during the 
summer breeding season in 2015 than 2016 and 2017. The differences among eggs per stem 
by patch size was not different in 2015 and 2016, but the 1 patch had significantly more eggs 
per stem in 2017. The lack of consistent significant differences among the three patch sizes 
suggests patch size is not being used by the female to make behavior decisions in regards to 
oviposition. 
Differences among patch densities varied by farm. Farm D had a higher number of 
eggs per stem and eggs per patch than the other farms. Replicates at farm D had a 
significantly greater percent (16%) of crop in the surrounding 50m radii (2%-30% CI; p-
value = 0.009), and significantly less (-37%) grass, prairie, and pasture (23%-51% CI; p-
value = <0.001). Farms A, B, and D at a much larger scale (2km radii) were very similar in 
the percentage of cover type (66.7%-76.4% crop and 12.8%-14.6% grass, prairie, and 
pasture). Farm C had significantly lower percentage of crop at a 50m scale (-18.6% (4%-33% 
CI; p-value <0.001) than farm A and D. At 2 km scale, farm C also had a lower percentage of 
40 
 
   
crop (33.7%) and a higher percentage of woody acres (19.9%) in comparison to the other 
farms which were under 1% woody. At farm D, replicates included in the analysis were 
planted within 2m of field edges where other replicates were more than 20m away from field 
edges. This may explain higher egg densities at these locations because Oberhauser et al. 
(2001) suggests monarchs oviposit more eggs in agricultural areas than nonagricultural areas.  
More eggs were found on swamp milkweed than common milkweed, which agrees 
with recent observations reported for Iowa (Pocius et al., 2017). Oviposition was correlated 
with height, status, and condition of the plants. While the trend in oviposition among the 
three patches was the same for eggs per stem and eggs per patch, swamp milkweed had more 
eggs per stem and more eggs per patch overall than common milkweed. We believe this 
occurred for two reasons: the local environment and the subsequent height, status, and 
condition of the stems was more favorable for oviposition. Some replicates were established 
in areas with wetter soils. This included wetlands, riparian buffer strips or low lying prairie 
that flooded during heavy rains. Swamp milkweed grew taller than common milkweed and 
produced buds, flowers, and pods in the first year while common milkweed did not produce 
flowers until the second year. Preference for swamp milkweed may be explained by vigorous 
plants growing well in the appropriate environment. Swamp milkweed planted in eroded soil 
areas did not reach maturity and frequently had zero eggs. This happened for three replicates 
at farm D and, consequently, were removed from the analysis. Common milkweed planted in 
heavily eroded soil areas, which happened for two replicates at farm D, also were removed 
from the analysis because zero eggs were observed. 
 Plant height, status, and condition were positively correlated with an increase in eggs 
per stem. As height increased and condition score improved, so did the number of eggs 
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oviposited. Stems that had buds or were flowering appeared to be more attractive to the 
females and there was a positive correlation between plants in those stages and the number of 
eggs. Not all stems included in the analysis matured past vegetative stage. While plant status 
fixed effects were significant in the model, it may be an artifact of swamp milkweed being 
transplanted into landscapes that were suitable for reaching those stages of plant maturity. If 
swamp milkweed is established into prairie habitats, this study suggests that it may be more 
attractive to females as long as it is planted in wetter soils.  
Milkweed Stem Herbivory from Vertebrates and Invertebrates 
Vertebrate and invertebrate herbivory of transplanted stems was the most difficult 
challenge in this study. Several deer (Odocoileus virginianus) and rabbits (Lepus townsendii 
and Sylvilagus floridanus) or their feces were observed around stems. Vertebrate herbivory 
decreased after fences were built. However, voles (Microtus sp.) were spotted entering and 
exiting patches through the fence after consuming stems. Small 4” fences around each stem 
generally protected the stem from herbivory, but was not always successful. While we 
excluded those replicates from the study and replaced stems; some weeks this caused all but 
one replicate to be excluded from analysis.  
Besides high temperature and low precipitation stems were also subject to other 
pressures. Stems became senescent for two observable reasons: fungus and Rhyssomatus 
lineaticollis (Coleoptera: Curculionidae), milkweed stem weevil larvae, (Fordus and 
Malcom, 2000; St Pierre and Hendrix, 2003) boring the stems down to the root both in 
common milkweed and swamp milkweed. Weevil damage was recognizable first by the 
senescence of the top of the plant and a generally curled appearance. Upon examination of 
the stem, darkened holes indicated oviposition sites towards the top of the stems. Dissecting 
the stem revealed 1-3 larvae or an empty stem filled with stem weevil frass (Fig 16).  
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Milkweed stem weevils are univoltine and bivoltine and pupate in the soil once 
exiting the stem (Fordyce and Malcom, 2000). If a stem was thick in diameter, usually 
associated with a stem over a year old, weevil larvae did not kill the stem. Stem death 
occurred most frequently when larvae appeared to bore into the roots. It is unknown whether 
the rootstock survived after a stem weevil exited the stem. Stem death was minimized by 
feeling the stem and detaching the infested apical portion of the stem. This was obvious 
because it felt hollow when pinched. There is a need to better understand milkweed enemies, 
herbivores and borers, in various landscapes to determine whether transplanting plugs or 
seeding is more efficient, both biologically and economically.  
 
Fig 17 Milkweed stem weevil larvae dissected from A. incarnata. 
Optimal Patch Size may depend on Mortality Differences, not Oviposition Preferences 
The concept of optimal patch size may only exist in relationship to monarch survival 
from egg to eclosion. Establishing habitat that caters to female preference for oviposition is 
only effective at combating the population decline if the mortality and predation on those 
eggs and instars decreases among patch sizes. There is evidence that presence of predators 
may be based on patch size when small, medium, and large patches are compared (Pitman et 
al., 2018, but that difference was not always statistically significant and did not differ among 
agriculture, nonagricultural, and roadsides (Pitman, et al., 2018). 
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Abstract 
Monarch butterfly, Danaus plexippus, overwintering populations in Mexico have 
declined over the past 20 years. One reason attributed to this decline is the loss of 
milkweed (Asclepias spp.) in corn and soybean fields due to growers’ widespread use of 
herbicide-tolerant crops. Reestablishing milkweed and nectar resources is critical to combat 
the population decline. Roadsides are important habitat resources and could help compensate 
for this loss if conservation efforts in these habitats are successful in providing milkweed for 
ovipositing adults and hungry caterpillars. There are many factors to consider when 
establishing habitat for the monarch, including milkweed patch size. If monarchs have a 
patch size preference for oviposition, then optimizing patch size could help maximize egg 
and caterpillar production. We hypothesized that monarch oviposition is not random and is 
influenced by milkweed patch size.  
To test this hypothesis, eight gravel roadsides in Story and Boone Counties, Iowa 
were monitored for milkweed with GPS units. Over 14,000 milkweed stems were mapped 
and examined for eggs and larvae. These data were spatially analyzed in ArcMap™ 10.4, 
GeoDa, and R to measure the correlation between stem density and egg and larval density. 
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These data were also used for exploratory spatial analysis to observe patterns in stem 
densities on gravel roadsides to test for spatial randomness of stems and monarch eggs. 
Finally these data were used to predict hypothetical estimates for monarch and milkweed 
production potential in Iowa. There was evidence to reject the null hypothesis that females 
oviposit eggs randomly in a landscape. However, the clustering pattern observed in the 
spatial distribution of eggs was not consistently related to milkweed patch size or stem 
density. 
Introduction 
Common milkweed (Asclepias syriaca) populations have declined in the Midwest 
United States (Pleasants and Oberhauser, 2013) and in Iowa crop fields by over 90% from 
1999 to 2009 (Hartzler and Buhler, 2000; Hartzler, 2010). Declining milkweed populations 
in the Midwest United States is one of many reasons cited for the decline in acres occupied 
by the monarch butterfly (Danaus plexippus) at overwintering sites in Mexico over the last 
20 years (Brower et al., 2012; Pleasants and Oberhauser, 2013). The Pollinator Task Force 
under the Obama Administration recommended planting 1.3 ~ 1.6 billion stems in the U. S. 
Midwest to reach a goal of 14.8 acres of overwintering monarchs by 2020 (Semmens et al., 
2016; Thogmartin et al., 2017).  
When considering roadsides for monarch habitat establishment, caution is suggested 
by Pitman et al. (2018) due to lower densities of immature monarchs on stems in comparison 
to agricultural and nonagricultural habitat (Kasten et al., 2016; Pitman et al., 2018). 
Regardless, gravel (or secondary) roadsides in Iowa provide an important resource for 
ovipositing monarch butterflies and hungry larvae. According to the Iowa County Engineers 
Association, in 2016 gravel and dirt roads comprised over 70,000 miles, 79% of all county 
roads in Iowa (See Appendix B-1). Farm land makes up 85.6% of all acres in Iowa (2012; 
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See Appendix B-2). Thus, gravel roadsides in Iowa represent an important opportunity for 
habitat conservation for the monarch butterfly because of a high number of acres managed at 
the county level. Gravel roadside habitat runs in close proximity to agriculture where 
monarch oviposition is higher than or equal to monarch oviposition in nonagricultural areas 
(Oberhauser et al., 2001). Lastly, gravel roadsides provide potential to connect available 
fragmented habitats in the larger landscape (Fig 1).  
 
Fig 1 Iowa gravel roads exist in a 1x1 mile grid system within agricultural landscapes. 
Gravel roadside habitats provide a resource for acres of potential milkweed establishment to 
connect fragmented habitat types. Summer 2015 Orthophotos - USDA (natural color) 
sourced from the Iowa Geographic Map Server. (Northwest of Ames and Gilbert cities in 
Story County, Iowa) 
Establishing habitat that supports monarch reproduction requires planting native 
milkweed species preferred for oviposition and larval growth (Pocius et al., 2017) as well as 
including nectar producing forbs for adults. Other important factors to consider include the 
size of habitat, specifically milkweed patch size. According to Bowman, et al (2002), if there 
is a positive relationship between population density of an organism’s offspring and patch 
1 mile  
48 
 
 
size there is evidence for an increased orientation to larger patches as an organism disperses 
aerially. If this trend is seen in monarch oviposition behavior, it would suggest planting 
larger patches optimizes conservation. However, more monarch eggs are found on isolated 
stems than clusters of stems (Zalucki and Suzuki, 1987); and an “unusually high number of 
eggs” are found in small patches (<10 stems) in urban areas (Stenoien et al., 2015). This 
could imply that monarch females are randomly searching and do not orient to patch size, but 
may be effected by patch edges (Bowman, et al., 2002). However, when first exploring 
milkweed patch size in a preliminary observational study in 2015 (related to milkweed patch 
size and monarch oviposition along Iowa gravel roadsides) sampling methods were difficult 
to develop because milkweed patches were not discrete and patch size was difficult to 
quantify. Determining if a stem was isolated or included in a nearby patch was subjective 
(Fig 2).  
 
Fig 2 The stem in the image on the left may be considered an isolated stem. When examining 
at a broader scale the stem seen circled in red in the image on the right no longer appears to 
be isolated. Spatial analysis with georeferenced data points helps examine the effects of patch 
size and patch density on oviposition objectively. 
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How far away does a stem need to be from another stem for a monarch to perceive it 
as an isolated stem? Matter (1996) measured the distance between “discrete patches” in one 
40-hectare prairie by mapping patches ranging from 1 – 95 stems. The distance from patch 
edge to patch edge was at least 10m apart to study Tetraopes tetraophthalmus (red milkweed 
beetle) movement among patches. Ten meters may guarantee patches are separate, but it also 
may combine multiple patches. Empirically, it is unknown whether there is a distance 
threshold between stems where monarch oviposition behavior would be altered or stems 
could be considered “unrelated” or as “discrete patches”.  
Tobler’s First Law of Geography says, “Everything is related to everything else, but 
near things are more related than distant things” (Tobler, 1970). The distance between related 
and unrelated stems might be indicated by maximum length of milkweed rhizomes or by 
female monarch maximum perceptual range. Garlick (2007) found that monarchs utilized 
olfactory senses and visual cues from UV light to detect milkweed at 2m. Detection 
decreased significantly without UV light reflectance (Garlick, 2007). The perceptual range of 
an ovipositing female is likely longer than 2m, but the decision for oviposition is both a 
consequence of “host-plant recognition” and “host-plant finding” (Visser, 1988). 
Host-plant recognition and the decision to leave a plant or oviposit, as defined by 
Visser (1988), is affected by olfactory and visual cues received by the insect from the plant 
such as height or plant condition. Host-plant finding is influenced by an insect’s spatial 
maneuvers on the ground or in the air and this is influenced by the habitat structure and host-
plant distribution (Visser, 1988). Studying monarch patch size preference requires recording 
characteristics to represent host-plant recognition and habitat structure of both patch and 
surrounding habitat. Kasten et al. (2016) studied milkweed densities in 50m transects 
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separated by 1 mile in Minnesota, Wisconsin, Iowa, and South Dakota. Monarch eggs and 
larvae per stem increased as stems per square meter increased until 0.6 stems per square 
meter, when the trend begins to decline (Kasten et al., 2016). Alternatively, Pitman et al. 
(2018) observed all stems on a sample of roadsides in Ontario, Canada and separated patches 
into small (< 16m2), medium (16-28m2), and large (29-472m2) categories. Any stem within 
10m was included in the patch according to the methods described by Matter (1996). Eggs 
per stem decreased as stem density increased when separated by small, medium, and large 
patch area (Pitman et al., 2018).  
Regarding isolation, however, low patch density does not always indicate high 
isolation and high density does not always indicate low isolation (Fig 3). If monarch females 
prefer to oviposit on isolated stems, then single stems or smaller patches surrounded by a 
greater area devoid of milkweed will have higher number of eggs in comparison to stems 
among patches of milkweed. Point-based data utilizing Geographical Positioning Systems 
(GPS) and Geographical Information Systems (GIS) facilitates measurement of neighboring 
effects by aggregating the points, creating new variables post-data collection, and applying 
spatial analysis.  
 
Fig 3 Small patches can be low density (A) or high density (B) and large patches can be low 
density (C) or high density (D). If there is preference for patch size, all four types can be 
considered possibilities in the landscape. 
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In spatial analysis, the observed Euclidean distance between neighbors can determine 
the perceived spatial pattern. Distance between neighbors can be influenced and biased by 
the boundaries of the study site and by neglecting what is growing outside its boundaries. For 
example, scales like 50m2 might lead to stems appearing clustered or randomly distributed, 
but at a 10m2 scale a subset of those stems could appear evenly dispersed (Fig 4). Iowa 
gravel roadsides provide a source of milkweed growing in a unique confined area where an 
entire population can be observed without neglecting the effect that neighbors might have on 
a perceived clustering pattern for a patch. Stems grow between gravel, where rocks prevent 
vegetation growth, and crop fields, where 97% of acres were sprayed with herbicides in 2016 
(See Appendix B-3; and Appendix B-4 for more information about the conceptualization of 
spatial relationships). 
 
 
Fig 4 Study scale will influence the results of a spatial analysis. At a 50m scale, stems may 
appear clustered or randomly distributed based off the Euclidean distances to the surrounding 
neighbors. Alternatively, at a 10m scale a selection of stems may appear evenly dispersed. 
Observing the entire population on a roadside provides an opportunity to examine oviposition 
and patch characteristics at various scales. 
Yet, another similar problem can arise with a population of point-based data when 
applying an aggregation scheme in spatial analysis. When aggregating point-based data, 
study scale bias can give different results with different aggregation schemes (Fig 5). This 
challenge is referred to as the “modifiable areal unit problem” (MAUP) (See Appendix B-5). 
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Similarly, with monarch eggs and milkweed, the average number of eggs per stem 
aggregated into a 50m2 study scale provide different results than the average number of eggs 
per stem using a 10m2 study scale. The results are inherent to the aggregation scheme and not 
behavioral patterns of the organism. Both results could be different and valid, but may be 
asking different questions. In this study, GPS and GIS are used to examine spatial patterns of 
monarchs and milkweed at multiple scales on gravel roadsides in an agricultural landscape. 
This was done to better understand the relationship between patch size and monarch 
oviposition.  
 
Fig 5 Modifiable areal unit problem (MAUP) describes a challenge in spatial statistics where 
results are influenced by either the “zone” or “scale” applied to the data. When individual 
cases of illness are aggregated, the illness rate for Region Set A is 50% and 100% for Region 
Set B. (Graphic sourced from Wikipedia “Modifiable Areal Unit Problem”; 2017) 
 
We hypothesize that milkweed stems grow in patches referred to as “clusters” and are 
statistically significant from a random distribution of stems. We hypothesize that the 
distribution of monarch eggs and larvae on stems on gravel roadsides is significantly 
different than a random distribution and is different depending on milkweed patch size or 
patch density. This study also reports on the effects of milkweed characteristics on 
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oviposition, the number of milkweed present on Iowa gravel roadsides, and extrapolates the 
number of stems and monarchs Iowa may be able to produce in a generation if all gravel 
roadsides in Iowa were managed in similar ways as the locations in this study.  
 
Methods and Materials 
Road Selection and Data Collection 
Most Iowa gravel roads are segmented into one mile corridors between intersections. 
To select sites, random points were overlaid on an orthophoto retrieved from the Iowa 
Geographic Map Server within a radius of 10 miles from Ames, IA (42.0028, -93.6386). 
“Create Random Points” was used to generate random points, a tool available in ArcToolbox 
(ArcMap™ 10.4). To be considered for the study, points must have landed on a one mile 
gravel road segment in an agricultural landscape. Any one mile segments that contained 
railroad tracks or rivers were excluded. The reason for these criteria was to eliminate possible 
spatial autocorrelation of stems inherent to landscape structure. Only four roads were 
surveyed due to time and labor constraints. The adjacent agricultural habitats consisted of 
corn, soybean, or alfalfa. Two roads ran north and south, and two ran east and west. 
“Roadside” refers to the area from the edge of the gravel to the edge of the adjacent crop 
field or private property fence line. The roadside or study area varied in width.  
A data dictionary was created on GPS Pathfinder® and sent to Trimble: Geo7x® 
units (Appendix B-6). With a data dictionary, all data collected for each entry on the GPS 
unit using TerraSync™ and was associated with the georeferenced point in an attribute table. 
Height, status, condition, and suspected source of damage were recorded. Stem height was 
measured in centimeters from top of soil to the top of the stem. Status referred to the 
vegetative stage of the stem and was classified as vegetative, budding, flowering, seed pods, 
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or senescent. Condition was measured on a scale from 1 to 5 where “1” signified a senescent 
plant and “5” signified a stem with new growth and no damage (Fig 6). Suspected sources of 
damage included mowing damage (apparent from the cut on the stem), spraying or weather 
related damage (represented by spots on the leaves or curling of leaves), and herbivory/stem 
borer damage (represented by feeding holes uncharacteristic to monarch larval feeding or 
stem holes with black scarring). Number of eggs and larvae by instar was recorded for every 
stem. Coordinates for each stem, date, and time of collection were recorded. A minimum of 
15 positions (at 1 second intervals) were required to complete data collection for each stem. 
“Positions” refers to the number of times the GPS unit received its coordinates from any 
satellites within range. The GPS unit averages the coordinates from all positions collected 
until the user end the collection to determine the location of the stem and the accuracy (see 
Table 2). 
 
Fig 6 Stem condition was based on a scale from 1 to 5. A score of “0” indicated stem was 
missing; a score of “1” indicated a stem with no leaves and no green color or dead; a score 
of “2” indicated no leaves with some green color in the stem or not completely dead; a 
score of “3” indicated more than two leaves were damaged or withered; a score of “4” 
indicated a healthy stem with a few leaves damaged or withered; a score of “5” indicated 
new growth or a stem with minimal to no damage 
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The four roads selected were visited on four separate weeks and are referred to as 
“Road 1” (R1), “Road 2” (R2), “Road 3” (R3), and “Road 4” (R4) (Table 1). Timing of 
observations was selected to reflect the typical peak season of monarch butterfly 
reproduction in preparation for fall migration. To collect data, at most four GPS units were 
deployed at the same time. GPS real-time settings were set to “Integrated SBAS” and “Use 
Uncorrected GNSS” with the projected coordinate system “UTM Zone 15N” appropriate for 
Iowa and “NAD83” datum appropriate for North America. Altitude reference was “Mean Sea 
Level” in meters. Two people were give one unit; one person measured stem height and 
checked for eggs and larvae while the other person entered data into the unit, holding unit 
~1m above ground level. Stems separated by soil at the base were considered separate stems 
and all stems in the roadside were recorded. Weather conditions were generally clear, 
partially cloudy, or in minimal rain to ensure clear satellite communication. Observations 
typically started around 7AM (CDT) and ended around 6PM (CDT). A total of 395 worker 
hours were required to complete data collection on all four roads (Road 1 = 40 hours, 2 = 89 
hours, 3 = 116 hours, and 4 = 150 hours). 
Roadside area was measured by collecting GPS points intermittently on all roadside 
edges. The points were connected to create a polygon shapefile and calculate roadside area 
(ArcMap™ 10.4). “Shapefile” refers to the graphic file type with an integrated coordinate 
system used in Geographic Information Systems (GIS) and can take the form of a point, line, 
or polygon. A 0.25m radius buffer was generated around all roadside polygons to guarantee 
inclusion of stems on the edge of the roadside area that were excluded without a 0.25m 
buffer radius. Each road had two roadsides, so eight polygons were created for the four 
gravel roads.  
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After collection, data were exported from the Trimble® units and differentially 
corrected via GPS Pathfinder® using “CORS, IADT AMES (IAAM), IOWA (ITRF00 
(1997) - Derived from IGS08 (NEW))” base station downloaded on July 20th 2017. There 
was 100% total coverage for all files, meaning the base station files were sufficient. 
Differential correction eliminates errors from satellites and GPS receivers caused by 
atmospheric effects, multipath effects, and poor satellite configuration. By comparing to a 
base station, errors were subtracted for more accurate coordinates (Table 2). After correcting, 
all files were exported to point shapefiles projected in UTM Zone 15N NAD 83. In 
ArcMap™ 10.4, exported stem shapefiles were merged, clipped, and joined to create separate 
data sets for each road, and for each separate roadside (e.g., Road 1 east and Road 1 west). 
Table 1 Data Collection Dates by Road 
Road Eggs and Larvae Data Collected GPS Data Collected 
1 July 19th, 2017 July 19th, 2017 
2 July 27th- 28th, 2017 July 27th- 28th, 2017 
3 August 3rd- 4th, 2017 August 3rd- 4th, 2017 
4 August 9th-11th, 2017 August 9th-11th and 17th, 2017 
Note. GPS coordinates for each stem were collected at the same time as observation for eggs 
and larvae except for road 4 where egg and larvae numbers were observed and written on the 
leaves of the stems with permanent marker. The section of road where GPS coordinates were 
not collected on the same day of observation were re-visited on the 17th of August. 
 
Table 2 Estimated accuracies for all positions after differential correction 
Estimated accuracies for all positions 
(n = 413,414; ~29 positions/stem) 
Accuracy Range  Percentage 
0-15 cm 59.3 % 
15-50 cm 43.5 % 
>0.5-5 m 7.14 % 
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Stem Density on Gravel Roadsides 
Stem density was calculated by road, roadside, acres, and m2 based on the roadside 
polygon shapefiles by dividing the number of stems by the selected areal measurement. 
Average stem density within patches was calculated by creating 1m2 undissolved buffer 
polygons with a radius of 0.568m and counting the stem points based on spatial location 
using the “join” tool in ArcMap™ 10.4 for each road (Fig 7). 
  
Fig 7 Stems overlaying 1m2 area buffers created with the “Buffer” tool in ArcMap 10.4 with 
a radius of 0.568m. The number of stems per 1m2 area was quantified and determined stem 
density within patches. 
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Are Stems Clustered, Dispersed, or Randomly Distributed? 
To compare stem distribution to a random distribution, we used the Average Nearest 
Neighbor tool (ANN; ArcMap™ 10.4). The ANN tool measured the Euclidean distance 
between a stem and its nearest neighbor and averages across all stems for each roadside (Fig 
8). The test computes a ratio of the ANN distance of the observed values over the ANN of a 
random distribution of the same number of stems for the same given area. A z-score test 
statistic is calculated by subtracting expected ANN of a random distribution from the 
observed ANN and dividing it by the standard error of the random distribution (See 
Appendix B-7).  
A ratio less than 1 and a negative z-score means the observed ANN were closer in 
distance in comparison to a random distribution and are “clustered”. If the ratio is greater 
than 1, with a positive z-score then the stems are “dispersed”. A ratio close to 1 with a z-
score that falls within the 95% of a normal distribution curve (alpha = 0.05) would be 
considered not significantly different from a random distribution (Fig 9). The results are 
based on the ratio score, the z-score, and the p-value and determine if stems are clustered, 
dispersed, or randomly distributed across the landscape. If stems are clustered, this would 
mean stems grow in patches. If stems are randomly distributed across a landscape then it 
would be unnecessary to correlate the number of eggs laid to patch size.  
This test was applied to each roadside separately to avoid the influence of the road in 
segregating stems into patches. The maximum observed ANN distance (m) and the minimum 
ANN (m) was extracted from the results to generate the range distance between nearest 
neighbors.  
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Fig 8 A few stems displayed over an orthophoto of Road 4 and the measured distance 
between the stems in meters. Average Nearest Neighbor (ANN) is calculated by measuring 
the Euclidean distance to the nearest neighbor of each stem. In this example, the selected 
stem would have a nearest neighbor distance of 3m and not 17m.  
 
  
 
  
 
 
 
60 
 
Fig 9 ANN is a test that calculates a ratio of the observed average nearest neighbor over the average nearest neighbor of a random 
distribution of the stems. A ratio of less than one and a negative z-score less than -1.96 indicates observed stems are closer than 
randomly distributed stems and there is a less than 1% likelihood that an observed clustered pattern resulted from a random chance. A 
ratio greater than one and a positive z-score greater than 1.96 indicates observed stems are farther apart than stems in a random 
distribution and there is a less than 1% likelihood that an observed dispersed pattern resulted from a random chance. Any value in 
between would not be considered significantly different from a random distribution. (Graphic from ArcGIS© ANN Tool Help)  
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Monarch Densities and Number of Neighboring Stems 
Egg density and larval density by instar was calculated by dividing the number of 
eggs and larvae by the total number of stems observed, weighted by the total number of 
stems observed on each road. Eggs and larvae counts were combined to calculate the average 
number of immature monarchs per stem.  
To measure correlation between immature monarchs per stem and number of 
neighbors, buffer zones were created around all stems to count number of neighbors for each 
stem at each distance interval. Distances were the radius for an area of 1m2, 2m2, 5m2, 10m2, 
25m2, 50m2, 1 acre, and 1 hectare around each stem (Fig 10; Table 7). Next, they were 
“joined” and all neighboring stems were counted for each stem at each distance interval. 
These values were added as covariates for each stem and used in the model to represent both 
density and patch isolation. 
 We expect stems at closer distances would influence egg density more than farther 
distances and would be evidenced by a change of significance in the model output, regardless 
if the relationship is positive or negative. The relationship between the egg density and the 
number of neighbors can provide information about the monarch’s perception of patch size. 
The distance, if significant, could then be used to determine the distance between patches. If 
none of the distances are significant, this could indicate that females are ovipositing 
randomly disregarding the number of neighbors. A General Linear Model (GLM) with a 
negative binomial distribution was used to predict the number of eggs and larvae. This model 
was chosen over a Poisson model for three reasons: it is appropriate for count data, many 
values were zero, and the variance was not equal to the mean (Ver Hoef and Boveng, 2007, 
Zeileis and Kleiber, 2008).  
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Patches were created based on the location of points in ArcMap™ by creating buffers 
at the distance where a significant relationship was found between egg density and the 
number of neighbors. A GLM with a negative binomial distribution was then used to 
quantify the relationship between the total eggs and larvae per patch and the average eggs 
and larvae per stem by stem density and patch area. Average eggs and larvae per stem was 
incorporated into the model by including an offset in the model based on of the total number 
of stems observed in the patch.  
Are Eggs Clustered, Dispersed, or Randomly Distributed? 
Spatial autocorrelation is the degree to which near stems are related to neighboring 
stems based on egg and larval densities. The relationship between a stem and the average of 
its neighbors is called “spatial lag”. Calculating spatial lag requires pre-determining which 
stems are neighbors to create a spatial weights matrix that appropriately represents the data. 
The spatial weights matrix gives stems that are closer more weight than stems that are farther 
away. Because neighbor reality depends on unknown and unmeasured variables, multiple 
scales were chosen to compare to see if there is a neighbor relationship where spatial 
autocorrelation is present. 
Five spatial weights were chosen. One was based on results from the regression 
model (from “Monarch densities and number of neighboring stems” above) comparing the 
correlation of the number of neighbors at different distances to the eggs and larvae per stem. 
The second was 10m based on the distance used in Pitman et al. (2018) and Matter (1996) to 
separate patches. A third was based on the threshold distance for each road where every stem 
has at least one neighbor which varied by road. The forth spatial weight matrix was based on 
1st order contiguity matrix from Theissen polygons so all stems had neighbors depending on 
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which borders were shared (Fig 11). The last spatial weights matrix was created so every 
stem had five neighbors.  
After the creation of these several spatial weights matrices, a univariate Moran’s I test 
was conducted in GeoDa (Anselin et al., 2006) to quantify the spatial relationship of eggs 
and larvae per stem. Moran’s I is a statistic that measures the spatial lag on a scale from -1 to 
1 where -1 indicates perfect negative autocorrelation and 1 indicates perfect positive spatial 
autocorrelation. If the Moran’s I statistic is 0, this means there is no spatial autocorrelation 
and the values are distributed randomly. Moran’s I is compared to the expected value of the 
Moran’s I statistic for the same data set if it is randomized with 999 permutations. It is then 
standardized by dividing the Moran’s I by the standard error to obtain a z-score and a p-value 
to measure confidence of the statistic. If the statistic is not significant then we reject the null 
hypothesis that the distribution of eggs is significantly different from a random distribution.  
A local indicator of spatial association (LISA) is computed in GeoDa to identify areas 
where 1) high values are clustered around high values (HH), 2) low values are clusters 
around low values (LL), 3) where high values are clusters around low values (HL), and 4) 
low values are clustered around high values (HL). If the majority of stems are HH and LL, 
that is evidence for strong positive spatial autocorrelation and would indicate females 
oviposit in clusters. If the majority of stems are HL or LH, this would indicate a female is 
dispersing her eggs in a landscape and is not laying eggs near other eggs. If the relationship is 
not significantly different than a random distribution than the majority of stems will be non-
significant.  
Predicted Production of Monarchs and Milkweed in Iowa 
The Iowa Department of Natural Resources (Iowa GIS Geodatabase Map Server) 
makes publicly available land cover data classified for several land cover types. The land 
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cover types were simplified to agriculture, forest, developed, and water and the number of 
acres of each type was calculated as a percentage of acres of land cover type. This number 
was used to calculate miles of gravel roadsides in Iowa that were outside of townships where 
frequent mowing occurs, outside of forested area, and within agricultural landscapes. Based 
on the results from this observational study, the number of stems and monarchs produced 
was estimated based upon the assumption that all Iowa counties are growing similar numbers 
of milkweed stems in similar landscapes and manage stems in a similar fashion. This is 
hypothetical, but is useful to approximate gravel roadside habitats contributions to the overall 
habitat establishment goal of 1.3~1.6 billion milkweed stems. 
 
Fig 10 An example of Thiessen Polygons created in ArcMap™ 10.4 for a zoomed in section 
of Road 4. The distance between two neighbors is divided in half and used to create a 
polygon around a stem where no other stems exist. This tool was used to create a spatial 
weights matrix based on contiguity where any stem sharing a border was considered a 
neighbor. 
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Fig 11 Stems overlaying multiple buffer areas created with the “Buffer” tool in ArcMap 10.4 
with a radius of 0.568m. The number of neighboring stems in each buffer area was quantified 
and used to model the relationship between eggs and larvae per stem predicted by the number 
of neighbors at each distance. 
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Results 
Stem Density on Gravel Roadsides 
A total of 14,219 milkweed stems were georeferenced and observed in 2017 (R1: n = 
1,425; R2: n = 2,497; R3 n = 4,759; R4 n = 5,538). Mean roadside area was 3.45 ±0.074 
acres (mean ± SD) or 144m2 ±38m2. Mean milkweed density was 575.4 ± 357 stems/acre or 
0.14 ±0.09 stems/m2 (Table 3). Stem density per m2 within patches was on average 2.54 
stems/m2 ±1.68 (Table 4) and 35% (±0.89%) of stems on all roadsides were 1 stem/m2 with a 
maximum density of 20 stems/m2 (Fig 12).  
Table 3 Roadside Area, Stem Density, and Monarch Density 
 
Mean SD n 
Acres per roadside (1 mile) 3.45 ±0.074 8 
Square meters per roadside 13,017 ±1,456 8 
Stems per roadside 1,777 ±1,025 8 
Stems per road 3,554 ±1,661 4 
Stems per acre 575.4 ±357 8 
Stems per m2  0.14 ±0.09 8 
Eggs and Larvae per stem 0.105 ±0.074 14,219 
Table 4 Stem Density (per m2) Within Patches 
Road Mean 95% CI Total Stems 
R1 2.41 (1.29, 3.76) 1425 
R2 3.02 (0.77, 7.52) 2497 
R3 2.47 (1.15, 4.58) 4759 
R4 2.37 (1.23, 3.75) 5538 
All 2.54 (0.86, 4.22) 14,219 
 
    
 
67 
 
Fig 12 Histogram of stem density within patches by road based on total stems per road. ~35% of stems on all roads were 1 stem/m2 
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Are Stems Clustered, Dispersed, or Randomly Distributed? 
The Average Nearest Neighbor (ANN observed) for each roadside was significantly 
different from a random distribution (ANN random) of stems in the same area (ANN ratio = 
0.47; z = -119.0; p <0.001) with an average nearest neighbor distance of 0.647m ±0.916 (Fig 
13; Table 5). This indicates that stems grow in a clustered pattern or patch and there is a less 
than 1% chance that stems are randomly distributed. The minimum distance between the 
nearest neighbors was 0.3cm and the maximum distance between the nearest neighbors for 
stems within the same roadside was 229.42m (Table 5). The maximum distance to the nearest 
neighbor was 18.51m when considering stems across the roadside as possible neighbors.  
Table 5 Average Nearest Neighbor (ANN) Test Results (distance in meters) 
 
Monarch Densities and Number of Neighboring Stems 
Among all eight roadsides, 10.1% (±4.6) of stems were utilized by monarchs for 
oviposition at the time of observation. A total of 1,505 eggs and larvae were counted and 
among all four roads there was an average of 0.127 ±0.068 eggs/stem (max. =8) (Table 6). 
The number of late instars on each road was small and only represented 1.74% ±9.90% of all 
Roadside ANN observed 
ANN 
random SE Ratio z Pr(>|z|) NN Range 
R1 – east  0.81 1.91 ±0.031 0.42 -34.9 <0.001 (0.011- 18.62) 
R1 – west  1.67 2.86 ±0.073 0.58 -16.2 <0.001 (0.038- 229.42) 
R2 – north 0.59 1.23 ±0.014 0.48 -46.2 <0.001 (0.010- 17.33) 
R2 – south  1.89 3.20 ±0.092 0.58 -14.2 <0.001 (0.010- 158.71) 
R3 – north  0.70 1.24 ±0.015 0.56 -34.8 <0.001 (0.007- 26.59) 
R3 – south 0.56 0.94 ±0.009 0.59 -42.3 <0.001 (0.003- 13.71) 
R4 – east  0.68 1.22 ±0.013 0.55 -41.9 <0.001 (0.013- 15.92) 
R4 – west  0.57 1.03 ±0.010 0.55 -47.8 <0.001 (0.023- 15.19) 
All 0.65 1.35 ±0.006 0.47 -119.0 <0.001 (0.003- 18.51) 
69 
 
immature monarchs observed. On R1 eight 4th instars and zero 5th instars were observed; on 
R2 zero 4th instars and five 5th instars were observed; on R3 zero 4th instars and seven 5th 
instars were observed; and on R4 one 4th instar and sixteen 5th instars were observed. The 
number of neighbors at multiple distances (Table 7) was set as fixed effects in a negative 
binomial generalized linear regression model to predict the number of immature monarchs 
per stem.  
Table 6 Mean Monarch Density per Stem 
 
 
 
 
 
 
Table 7 Buffer distance definitions and the average number of stems at each distance.  
Parameter Total Area Radius (m) Mean Stems SD Stems 
NB_1m2 12m 0.564 2.55 ±2.02 
NB_2m2  42m 1.128 3.31 ±4.31 
NB_5m2 252m 2.821 12.67 ±16.53 
NB_10m2 1002m 5.641 21.52 ±23.97 
NB_25m2 6252m 14.104 52.21 ±43.74 
NB_50m2 25002m 28.209 112.41 ±74.71 
NB_1 hectare2 10,0002m 56.418 124.54 ±82.14 
Note. Mean Stems represents the mean number of stems in the area from the stem out to 1m2; 
1m2 - 2m2; 2m2 - 5m2; 5m2 - 10m2; 10m2 - 25m2; 25m2 - 50m2; and 50m2 - 1 hectare2. 
 
Number of neighboring stems was a significant predictor of the number of immature 
monarchs/stem up to a 2m2 area and was not significant for distances greater than 2m2 (Table 
8) when data from all road was combined. Number of immature monarch/stem decreased as 
stem density increased for all four roads. However, when separated by road the effect the 
number of neighbors had on the number of immature monarchs per stem at any of the 
Road All Eggs 1st 2nd 3rd 4th 5th 
Mean 0.105  0.127 0.013 0.004 0.002 0.0006 0.002  
SD ±0.074 ±0.068 ±0.007 ±0.002 ±0.002 ±0.002 ±0.001  
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distances was not significant for R1, only farther distances for R2 and R3, and up to 5m2 for 
R4 (Table 9). 
Table 8 Negative Binomial Model Output predicting Eggs and Larvae ~ Number of 
Neighbors at each distance 
 Estimate SE z Pr(>|z|) 95% CI 
(Intercept) -1.6076 ±0.0719 -22.37 0.0000 (-1.7485, -1.4667) 
NB_1m2 -0.0437 ±0.0208  -2.10 0.0359 (-0.0844, -0.0029) 
NB_2m2  -0.0268 ±0.0127  -2.10 0.0353 (-0.0518, -0.0018) 
NB_5m2 0.0001 ±0.0042    0.03 0.9725 (-0.0080, 0.0083) 
NB_10m2 0.0041 ±0.0022    1.89 0.0584 (-0.0001, 0.0084) 
NB_25m2 -0.0010 ±0.0012   -0.79 0.4278 (-0.0033, 0.0014) 
NB_50m2 -0.0004 ±0.0006   -0.77 0.4432 (-0.0015, 0.0007) 
NB_1 hectare2 -0.0012 ±0.0006   -1.89 0.0593 (-0.0025, 0.0000) 
 
The distance for a 5m2 area (radius of 2.82m) was used to create patches on R4, since 
R4 was the only road where there was a logical relationship between number of neighbors 
and eggs and larvae per stem. Any stem within the 5m2 area was considered a part of the 
patch. A radius of 1.41m was used to create buffer zones because ArcMap™ “Buffer” tool 
with the “dissolve” feature set to “all” combined stems if the buffer zones overlap, so 1.41m 
is half of the radius of a 5m. Prediction of eggs and larvae per stem and per patch was then 
described by the fixed effects of both stem density and patch area using a negative binomial 
linear model. Total immature monarch per patch was positively correlated with stem density 
and patch area with a p-value <0.001 (Fig 14 and Fig 15; Table 10A). The average eggs and 
larvae per stem was negatively related to stem density with a p-value of 0.006 and adding 
patch area was not a significant predictor in the model of eggs and larvae per stem with a p-
value of 0.676 (Fig 16; Table 10B). 
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Table 9 Negative Binomial Model Output predicting Eggs and Larvae ~ Number of 
Neighbors at each distance by road (A = R1, B = R2, C = R3, D = R4) 
 
Table 9 A R1 Estimate SE z Pr(>|z|)    95% CI 
(Intercept) -2.2019 ±0.3549 -6.20 0.0000 (-2.8975,  -1.5062) 
NB_1m
2 -0.1024 ±0.0766 -1.34 0.1815 (-0.2526,  0.0478) 
NB_2m
2  -0.0797 ±0.0543 -1.47 0.1422 (-0.1861,  0.0267) 
NB_5m
2 -0.0037 ±0.0171 -0.22 0.8272 (-0.0373,  0.0299) 
NB_10m
2 -0.0035 ±0.0114 -0.31 0.7562 (-0.0259,  0.0188) 
NB_25m
2 0.0087 ±0.0065 1.33 0.1826 (-0.0041,  0.0214) 
NB_50m
2 -0.0080 ±0.0044 -1.81 0.0697 (-0.0166,  0.0006) 
NB_1 hectare
2 0.0010 ±0.0034 0.28 0.7761 (-0.0057,  0.0076) 
Table 9B R2 Estimate SE z Pr(>|z|)    95% CI 
(Intercept) -1.5910 ±0.1407 -11.31 0.0000 (-1.8667,  -1.3153) 
NB_1m
2 0.0295 ±0.0328 0.90 0.3673 (-0.0347,  0.0937) 
NB_2m
2  -0.0220 ±0.0183 -1.20 0.2290 (-0.0578,  0.0138) 
NB_5m
2 0.0059 ±0.0063 0.94 0.3489 (-0.0065,  0.0184) 
NB_10m
2 -0.0061 ±0.0033 -1.84 0.0655 (-0.0126,  0.0004) 
NB_25m
2 0.0032 ±0.0014 2.25 0.0247 (0.0004,  0.0060) 
NB_50m
2 -0.0022 ±0.0010 -2.17 0.0299 (-0.0043,  -0.0002) 
NB_1 hectare
2 0.0004 ±0.0012 0.32 0.7462 (-0.0019,  0.0027) 
Table 9C R3 Estimate SE z Pr(>|z|)    95% CI 
(Intercept) -1.4628 ±0.1449 -10.10 0.0000 (-1.7468,  -1.1788) 
NB_1m
2 0.0224 ±0.0538 0.42 0.6769 (-0.0830,  0.1279) 
NB_2m
2  -0.0269 ±0.0309 -0.87 0.3841 (-0.0874,  0.0337) 
NB_5m
2 -0.0039 ±0.0099 -0.39 0.6962 (-0.0234,  0.0156) 
NB_10m
2 -0.0024 ±0.0081 -0.30 0.7647 (-0.0183,  0.0135) 
NB_25m
2 -0.0043 ±0.0029 -1.45 0.1458 (-0.0101,  0.0015) 
NB_50m
2 0.0007 ±0.0016 0.43 0.6702 (-0.0024,  0.0037) 
NB_1 hectare
2 -0.0029 ±0.0013 -2.31 0.0209 (-0.0054,  -0.0004) 
Table 9D R4 Estimate SE z Pr(>|z|)    95% CI 
(Intercept) -1.3826 ±0.1466 -9.43 0.0000 (-1.6699,  -1.0953) 
NB_1m
2 -0.1223 ±0.0362 -3.38 0.0007 (-0.1933,  -0.0513) 
NB_2m
2  -0.0583 ±0.0207 -2.81 0.0049 (-0.0990,  -0.0177) 
NB_5m
2 -0.0160 ±0.0070 -2.29 0.0220 (-0.0296,  -0.0023) 
NB_10m
2 0.0074 ±0.0041 1.79 0.0736 (-0.0007,  0.0155) 
NB_25m
2 -0.0019 ±0.0017 -1.13 0.2591 (-0.0051,  0.0014) 
NB_50m
2 0.0003 ±0.0007 0.44 0.6583 (-0.0011,  0.0018) 
NB_1 hectare
2 0.0005 ±0.0008 0.71 0.4781 (-0.0009,  0.0020) 
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Table 10 Negative Binomial Output using Stem Density and Patch Area to Predict Eggs per 
Patch (A) and Eggs per Stem (B) 
R4 Glm.nb(Total Eggs and Larvae ~ Stem Density + Patch Area) 
Table 10A Estimate SE z Pr(>|z|)    95% CI 
(Intercept) -1.672 ±0.140 -10.70 <0.001 (-1.948, -1.396) 
Stem Density  1.646 ±0.326 4.07 <0.001 (1.007, 2.286) 
Patch Area 0.297 ±0.022 12.73 <0.001 (0.253, 0.340) 
            
R4 Glm.nb(Average Eggs and Larvae ~ Stem Density + Patch Area) 
 Table 10B Estimate SE z Pr(>|z|)    95% CI 
(Intercept) -1.156 ±0.140 -7.37 <0.001 (-1.446, -0.866) 
Stem Density -0.999 ±0.326 -2.74 0.006 (-1.534, -0.464) 
Patch Area 0.008 ±0.022 0.42 0.676 (-0.021, 0.039) 
Note. R4 total immature monarchs per patch can be predicted with a positive relationship 
between stem density and patch area. R4 immature monarch per stem is negatively related to 
stem density, but when accounting for stem density patch area does not increase the number 
of eggs and larvae per stem with statisitical significance. 
 
Are Eggs Clustered, Dispersed, or Randomly Distributed? 
Finally, we tested for spatial autocorrelation using a Moran’s I test statistic with a 
variety of spatial weights matrices to classify what would be considered a neighbor of any 
given stem. Using the distance spatial weights matrices (D_2m2 and D_10m) meant several 
stems did not have neighbors (NN; Table 11). These stems might have been considered true 
isolated stems, but are excluded automatically because there are no neighbors to calculate 
spatial lag. All but one of the spatial weights matrices resulted in significant positive spatial 
autocorrelation when compared to a random distribution. This means that high numbers of 
eggs and larvae are spatially near other high numbers of eggs and larvae and are not 
randomly distributed across the landscape (Table 11). It also indicates that low values are 
correlated with oviposition near other lower values. However, the relationship was very 
weak. The Moran’s I statistic is not close to “1”, but closer to “0”, as the statistic ranged 
between 0.011-0.11.  
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The majority of the relationships between the value on a stem and the average of its 
neighbors (spatial lag) were not significantly different in the data set (34.1%-87.6%), but this 
consisted mostly of stems without any eggs or larvae surrounded by other stems without any 
eggs or larvae. The majority of the relationships consisted of significant low values 
oviposition near other significant low values (%LL; Table 11) for all spatial weights 
matrices. Matrices D_2m2 and D_10m (excludes isolated stems) compared to the other 
spatial weights matrices (where all stems have at least one neighbor) showed a shift in the 
percentage of HH, LL, HL, and LH values. For R2, R3, and R4 it appears that the isolated 
stems are adding to the LL category when added into the spatial weights matrix (D_18m, 
D_17m, D_15m, C_TP, and K_5). If isolated stems attract higher oviposition, we would 
expect to see an increase in the percent of HL or LH values instead of LL or HH when the 
more isolated stems are included in the spatial weights matrix. For all roads, when all 
neighbors are in the matrix (all but D_2m2 and D_10m) there is a decrease in the number of 
stems where high values are surrounded by low values in comparison to matrices that have 
excluded isolated stems. For R1 we see a decrease in LL values and an increase in LH values 
but a decrease in HL values. The majority of stems fall into the non-significant category. The 
location of HH, LL, HL, and LH stems visually does not seem to correlate with either 
isolated stems or large patches. It was common to see a variety of combinations of HH, LL, 
HL, and LH in the same area.  
All Moran’s I statistics are standardized by the standard error, so the larger the z-
score the more confidence there is for a certain spatial weights matrix to be a good example 
of the spatial autocorrelation in the data. Using contiguity Theissen polygons, where all 
stems sharing a border are considered neighbors, produced the spatial weights matrix (SWM) 
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that detected a significant clustering patter for R1 (I = 0.084; z = 5.34; p-value = 0.001) and 
R4 (I = 0.104; z = 13.49; p-value = 0.001) though spatial autocorrelation is weak. Not all 
SWM kept all values in the test, because it cannot except stems without neighbors. The 
number of stems excluded was higher for 2m2 than 10m and only 3-9 stems were excluded 
for 10m (“NN” Table 11). For matrices that included all of the neighbors the best SWM was 
the threshold distance of 17.3m for R2 (I = 0.050; z = 11.78; p-value = 0.001) and 15.1m for 
R3 (I = 0.031; z = 11.54; p-value 0.001). 
  
Predicted Production of Monarchs and Milkweed in Iowa 
Based on a 2013 land cover classification where 81% of Iowa is crop 10% is forested 
areas, 7.5% is developed, and 1.1% is water (Fig 17), there are approximately 59,050 miles 
of gravel road in agricultural landscapes, outside of townships and forested areas (Fig 18). If 
these roadsides had an average of 3,445 stems per road (Table 3), Iowa gravel roadsides 
could produce 209 million stems. If 10.1% of those stems are utilized by monarchs with a 2% 
survival rate (De Anda and Oberhauser, 2015), then 424,000 monarchs could be produced 
within a generation, if all Iowa country gravel roadsides had milkweed densities similar to 
those recorded in this study. 
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Table 11 Results from Global Moran’s I Test and LISA by Spatial Weights Matrices 
Global Moran’s I and Randomization Test LISA (p-value < 0.05) 
Matrix I E(I) SE z Pr(>|z|) %HH %LL %HL %LH %NS NN 
Table 11A R1: 1,425 stems 
D_2m2 0.0411 -0.0007 ±0.021 2.01 0.052 0.5% 25.5% 2.5% 5.2% 51.8% 205 
D_10m 0.0307 -0.0007 ±0.010 3.05 0.016 1.0% 15.3% 0.8% 9.5% 83.0% 9 
D_18m 0.0115 -0.0007 ±0.006 1.93 0.043 0.9% 14.9% 0.9% 9.5% 73.7% 0 
C_TP 0.0839 -0.0007 ±0.015 5.34 0.002 1.1% 21.1% 2.1% 9.2% 66.4% 0 
K_5 0.0581 -0.0007 ±0.015 3.72 0.003 1.1% 53.0% 3.0% 8.7% 34.1% 0 
Table 11B R2: 2,497 stems 
D_2m2 0.0861 -0.0004 ±0.016 5.15 0.002 1.5% 9.0% 4.0% 4.1% 67.5% 343 
D_10m 0.1109 -0.0004 ±0.007 16.59 0.001 3.3% 24.7% 1.7% 8.9% 61.0% 8 
D_17m 0.0503 -0.0004 ±0.004 11.78 0.001 3.8% 26.5% 1.5% 13.4% 54.8% 0 
C_TP 0.1076 -0.0004 ±0.012 9.12 0.001 2.1% 0.04% 3.9% 6.4% 87.4% 0 
K_5 0.0848 -0.0004 ±0.012 7.39 0.001 2.1% 13.3% 4.0% 5.4% 75.0% 0 
Table 11C R3: 4,759 stems 
D_2m2 0.0404 -0.0002 ±0.012 3.52 0.005 0.6% 16.4% 3.0% 4.6% 64.2% 532 
D_10m 0.0413 -0.0002 ±0.004 11.31 0.001 1.4% 25.4% 1.0% 8.7% 63.3% 4 
D_15m 0.0311 -0.0002 ±0.003 11.54 0.001 16.7% 32.2% 1.2% 10.2% 54.7% 0 
C_TP 0.0528 -0.0002 ±0.008 6.42 0.001 0.5% 13.9% 3.4% 4.2% 77.6% 0 
K_5 0.0461 -0.0002 ±0.008 5.63 0.001 0.7% 16.6% 2.7% 5.3% 74.5% 0 
Table 11D R4: 5,538 stems 
D_2m2 0.0929 -0.0002 ±0.010 8.97 0.001 1.2% 11.1% 4.6% 4.5% 66.8% 645 
D_10m 0.0509 -0.0002 ±0.003 15.90 0.001 3.3% 20.5% 2.2% 9.8% 64.0% 3 
D_15m 0.0259 -0.0002 ±0.002 11.42 0.001 3.5% 20.3% 2.2% 11.4% 62.5% 0 
C_TP 0.1045 -0.0002 ±0.008 13.49 0.001 2.0% 20.7% 4.0% 5.9% 67.2% 0 
K_5 0.0866 -0.0002 ±0.008 11.10 0.001 2.0% 12.2% 3.9% 6.1% 75.6% 0 
Note. In bold is the spatial weights matrix with the highest z-score, indicating the strongest 
standardized spatial autocorrelation. On the right is the results from the Local Indicator of 
Spatial Association (LISA) test with the percentage of stems where high values were 
clustered around high values (HH); low values were clustered around low values (LL); high 
values were not around other high values (HL); low values were not around other low values 
(LH); the LISA was not significant (NS); and the number of stems that had no neighbors 
(NN) and were not included in the analysis. 
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Fig 13 Average Nearest Neighbor Test Results; standard errors estimated from the standard 
deviation of distances between all neighbors on each side of the road. Observed ANN for all 
eight roadsides were significantly closer together than a random distribution of stems and is 
considered to be clustered. With over 95% confidence, stems grow in patches on roadsides. 
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Fig 14 Eggs and larvae per patch with increasing patch area 
 
Fig 15 Eggs and larvae per patch with increasing stem density
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Fig 16 Eggs and larvae per stem with increasing stem density 
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Fig 17 Reclassification of Iowa Land Cover showing the acres of land cover classified as 
agriculture (including all crops, pasture, and prairie), developed (including cities, buildings, 
and major roadways), and forest (including forest and woody species), and water. 
 
Fig 18 Gravel roadsides shown in green overlaid on Fig 17. Gravel Roadsides in Iowa 
outside of city townships and forested areas within agriculture equals 59,050 miles 
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Discussion 
Characterizing Milkweed Patches 
Milkweed reproduces both by seed dispersal and by rhizomes. Because of this form 
of reproduction milkweed grows both in patches and as isolated stems, producing a variety of 
stem densities and patch sizes. Studying insect oviposition dependence on patch size is not 
uncommon, but usually involves making an assumption about which plants to include in the 
patch when making observations on pre-existing habitats. Utilizing GPS and GIS technology 
for an entire population within a confined study area with natural edges allowed us to 
examine stems distribution patterns without being subjective. 
The clustered pattern observed in the stem distribution was expected based on the 
dispersal behavior of milkweed stems. Using the average nearest neighbor test allowed us to 
examine stem distribution at a very large scale. As you zoom out on a landscape, it becomes 
apparent that some patches are very low density patches spread out over a very large area. 
Zoomed in at the patch scale, those stems may have been considered isolated stems or 
separate patches. It also seemed plausible, looking at the entire population of stems on a 
roadside that stems were randomly distributed. After all, essentially that is what seed 
dispersal would accomplish. That is, unless there is spatial autocorrelation within 
unmeasured variables in the landscape such as soil type or topography. Fortunately, we were 
able to say with statistical confidence that milkweed does grow in patches. If stem density 
was not different than a random distribution of stems, then we could have concluded that 
examining patch size preferences on gravel roadsides is not important because stems do not 
appear to grow in patches. This was an important first step toward studying patch size 
preferences. The ANN test is very sensitive to study area, so it is important that the study 
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area is accurately measured. We were able to accomplish this by taking GPS locations 
around the borders and comparing to an aerial image of the landscapes.  
The observed average nearest neighbor distance was 0.65m. If the stems were 
distributed randomly, the ANN distance would have been 1.35m. The average nearest 
neighbor distance, while always clustered for each roadside, varied by roadside. That 
indicates the qualification of patch is partially dependent on the overall patch density of the 
study area. Selecting a single statistic to represent distance between all patches would be 
erroneous. If the average nearest neighbor was the same between all roadsides then we may 
have been able to report a single statistic with confidence. If patch size is going to be studied 
in a landscape, it may be helpful to survey the landscape before determining how patches 
ought to be separated. Using robust sampling methods may mitigate the labor some 
population survey we used to determine the distance between patches. It may be possible to 
explore spatial patterns in the data to see if there is an appropriate and robust study area for 
future sampling methods, but we did not look at that in this paper. 
The next question examined whether or not monarch eggs laid in the landscape are 
clustered, dispersed, or randomly distributed and if this depends on stem density or patch 
area. There are several ways to test this. We found a significant relationship between number 
of stems and the egg density up to a 2m2 area surrounding the stem when data from all four 
roads was combined. If there was no relationship observed, despite a clustered pattern of 
stems, the density of eggs laid is not dependent on the number of neighbors. When separated 
by road, that relationship was not constant and was sometimes completely absent as in the 
case of R1. The relationship between stems and the number of eggs per stem that are in a 
25m2, 50m2, or even 100m2 range was significant for R2 and R3. The results did not align 
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with Tobler’s First Law of Geography that says “everything is related to everything else, but 
near things are more related than things that are farther away” (Tobler, 1970). Results from 
R2 and R3 show near stems are not related, but stems at farther distances are related. A 
possible explanation is that females are not responding to differences in local patch scales, 
but may be influence by larger geographic scale. There was not a consistent positive or 
negative relationship so it is difficult to make inferences.  
We hypothesize the positive and negative relationship between eggs per stem and the 
number of neighbors only at farther distances is caused by stems near intersections that have 
fewer neighbor stems at longer distances in comparison to stems that are located towards the 
center of the study area. The stems near intersections may be visited by females traversing 
the landscape in the opposite direction. Females may only enter the perpendicular roadside 
up to a certain distance before returning to their original course. Road 4 exhibited the results 
we were expecting where nearby stems were related and the relationship between eggs per 
stem and number of neighbors declined as distance increases from a stem. There was a 
significant relationship between the egg density and the number of neighboring stems up 
within a 5m2 area for Road 4. Beyond a 5m2 area, monarch detection of neighboring stems 
may have declined. If females were exhibiting an intrinsic behavior or preference to patch 
size, we may have expected similar results on all four roads. Since we did not, monarchs may 
not always be exhibiting preference behavior and randomly ovipositing until they are in 
landscapes were there are higher density habitat areas as was the case with Road 4 in 
comparison to the other sites. 
Another way to characterize monarch oviposition behavior within patches was to test 
for spatial autocorrelation. Weak positive spatial autocorrelation suggests that high values of 
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eggs are clustered around other high values of eggs and low values are around other low 
values. If isolated stems were preferred over stems in clusters then we would have expected 
to see a high percentage of high values clustered around low values when looking at the 
placement of the significant clusters on a map. The locations of significant local indicators of 
spatial association (LISA) were not logically placed, as low clusters were right next to high 
clusters or next to spatial outliers. The lack of logical pattern may suggest other unmeasured 
variables at play like soil type or even topography, which may affect that host-plant 
recognition. When we characterized patches from the stem distribution perspective and the 
monarch’s perspective represented by oviposition location among stems, patch size is likely 
much smaller than including all stems in a 10m distance. From these results it is likely 
classifying patches may consist of including stems within 0.65m (ANN) or stems within a 
2m2 area. A 2m2 area would be represented by a radius of 1.128m. 
Stem Density on Gravel Roadsides 
Thogmartin et al (2016), in their supplemental tables, estimated current milkweed 
densities based on published surveys. From the surveys, milkweed stems density on 
roadsides was estimated at 57 stems per acre. This density is much lower than the stem 
densities we observed on the randomly selected roadsides. They also estimated the 
biologically reasonable density of stems on roadsides at 100-200 stems per acre (Thogmartin 
et al., 2016). Both estimates are much lower than the observed 547 stems per acre observed 
in this study. 
The high milkweed densities we observed have several possible explanations. 
Milkweed in Story and Boone Counties in Iowa has been allowed to propagate in roadsides 
without spraying for the last 30 years (personal correspondence, Joe Kookier, Story County 
Weed Specialist) while some counties proactively eradicate milkweed from roadsides. The 
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methods used for sampling in published surveys underestimated milkweed density in the 
roadside landscapes or milkweed has increased in abundance since the surveys were 
conducted.  
Regardless, milkweed establishment and monarch utilization of roadside milkweeds 
is much higher than projected. Current milkweed population estimates for Iowa roadsides 
may need to be adjusted, which would increase Iowa’s potential for milkweed establishment. 
Stem density within patches was on average 2.47 stems/m2, and was higher than 
Thogmartin’s cited estimation of 1.95 stems/m2. However, both values fall into the 95% 
confidence interval among all four roads. 
Problems with Measuring Preference by Egg Density and Patch Size 
The idea of planting an appropriate patch size for monarch butterfly oviposition is 
important to landowners and conservationists because it makes the most efficient use of labor 
and finances while promoting success of monarch butterfly offspring. If females are attracted 
to small patches, this suggests planting large patches or homogenous fields of milkweed 
could be a waste of resources. Within the plant-insect interaction of milkweed and the 
monarch butterfly, patch size is determined both by the distribution of the stems and by the 
perception of the patch from the female. Measuring preference by looking at oviposition rates 
on stems and in patches of various sizes is based on the assumption that if a female prefers a 
certain patch size she will lay more eggs per stem or more eggs per patch within that 
preferred density.  
In order for the metric of preference to work out mathematically, a female that prefers 
patches of a certain size, would have to lay a higher number of eggs per stem on every stem 
than she did on the stems in the other types of patches. Otherwise the metric of preference is 
quickly lost by dividing the eggs by the number of stems monitored. Yet, measuring 
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preference by eggs per patch will always indicate that patches with more stems are better 
simply because there are more opportunities for oviposition. An isolated stem could have five 
eggs per stem, but the patch of five stems, if it only has two eggs per stem will always have a 
higher average because it is cumulative. 
So which metric truly indicates preference? Observing eggs per stem decrease as the 
number of stems increases is expected and seeing the total number of eggs increase as patch 
size and stem density increase is also expected. These were the results from this study as well 
as the other milkweed roadside studies (Pitman, Kasten). Bowman (2002) hypothesized that 
this sort of trend should be expected from insects that disperse aerially if they are randomly 
ovipositing. If the results from this study had shown a deviation from that expected trend, 
such as more eggs per patch in smaller patches and more eggs per stem in smaller patches; 
then there would be evidence for preference.  
True preference for patch size may have been measured by observing the female and 
quantifying the times she visited a plant and then chose to oviposit an egg. The nature of 
these studies essentially assumes a female or multiple females are visiting or perceiving 
every plant individually and making a choice based on patch size, stem height, stem density, 
or even UV reflectance or allomones secreted by the plant or even other herbivorous insects.  
To measure patch preferences, the researcher must also decide how to quantify a 
patch. While female perception distance is unknown when flying over a landscape, a female 
is potentially receiving information at a broader scale than a researcher-defined patch. At 
some point when working with observational data of plants that have naturally established, a 
scientist must divide the study area into measurable units. Collecting milkweed population 
data, as done in this study, is very labor intensive, but is important because its provides some 
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of the information needed to answer questions about distances between patches and the 
monarchs perception of these patches. Roadsides habitat for monarchs in Iowa grows in mile-
long corridors. However, it was clear from watching several females that not all plants are 
visited and some plants are visited twice before a female leaves an area and moves on to a 
new patch (Blader, pers. obs.). Females present during data collection appeared to be making 
directional flight parallel to the direction of the road, skipping several meters of roadside 
habitat before entering a patch and ovipositing. 
Based on our results, eggs per stem correlated to number of neighbors at various 
distances; R1, R2, and R3 did not show a significant relationship between number of 
neighbors and egg density. All four roads shown weak positive spatial autocorrelation close 
to zero, which could suggest monarchs are ovipositing partially randomly and are possibly 
responding to unmeasured cues from the plant (e.g., UV reflectance, pheromones) or 
environment (e.g., soil type). If preferences indicated that there were both more eggs per 
stem and more eggs per patch on smaller patches, then it would make sense to focus on 
planting smaller patches. This was not the case. This study does show that monarchs oviposit 
eggs on stems on a variety of densities, but milkweed tends to grow 95% of the time in 1-5 
stem/m2. This may help inform appropriate seed densities when establishing habitat. 
However, milkweed spread by seed and by root, so the density of milkweed will likely 
increase after establishment over time. 
There is evidence for a threshold effect. When a patch was greater than 7m2 or 0.6 
stem/m2 the patches no longer had zero eggs per stem or zero eggs per patch (Fig 13; Fig 14) 
when any stems within a 5m2 area was considered a part of a patch for Road 4. This road had 
the highest number of stems and was overall the densest road in terms of stems per m2. The 
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other roads had fewer stems and did not show a relationship between the number of 
neighboring stems and the egg density except for distances greater than 50m. A preference 
for low density stems may not be expressed until habitats reach a certain density threshold. If 
this is true, the implications on habitat establishment might be that patch size would matter 
when a high density of stems are established in the landscape.  
Milkweed Establishment Depends on Predation and Mortality 
This study represents a single oviposition observation and does not address the effects 
patch size has on egg and early instar survival. During observations, it was typical to find 
small feeding holes typical of first instars, but not first instars on a stem. While numerous 
eggs were counted on all four roads, assuming oviposition rates were similar in the 1-4 days 
prior to observation, there appeared to be great mortality loss between egg and 1st instar. 
Monarch patch size preference was important to study. It may be more important to examine 
mortality rates among patch sizes to see if there is a difference in survival. Increasing 
oviposition is a valid conservation goal, but ultimately survival to adulthood is a higher 
priority when it comes to “optimal patch size” for habitat establishment.  
Gravel roadsides near agriculture pose two problems: dust and contact with both 
herbicides and insecticides. We found 3rd, 4th, and 5th instars, so survival to later instars is 
possible on gravel roadsides. Dust and proximity to agriculture (where herbicides and 
insecticides are sprayed) add obstacles to monarch productivity that may be avoided in other 
habitats. Over 300,000 acres of county roadsides amidst agricultural landscapes in Iowa. 
Gravel roadside habitat possess potential because of limited maintenance for common 
milkweed survival and the possible abundance of naturally established milkweed 
populations. Gravel roadsides generally contain milkweed and brome, though there is a 
deficiency of nectar resources. Milkweed establishment in gravel roadsides provides the 
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potential to increase connection to fragmented habitats where high quality pollinator habitats 
are being established all over the state.  
Potential Milkweed and Monarch Production in Iowa 
If all gravel roadsides in Iowa counties could establish milkweed, and those stems 
naturally established in roadside habitats, Iowa could provide 209 million stems to be utilized 
by females with minimal maintenance. While this would not be the only source of 
established habitat, it would provide a large portion of the 1.3 ~ 1.6 billion stems established 
goal among all the states involved. Roadsides are not the optimal place for monarch 
reproduction and are not the only option for habitat establishment. Milkweed abundance in 
all Iowa counties is unknown and it is not known if the stem densities observed in Story and 
Boone counties are typical for all other gravel roadside habitats. There would be value in a 
statewide monitoring for milkweed on the county level as gravel roadsides management 
practices are determined by the county legislation. We show evidence that gravel roadsides 
provide the potential to produce the stem goals that are being set for Iowa and would require 
less maintenance. Common milkweed on the roadsides we observed naturally established and 
were not been sprayed by the county for over 30 years. More research is needed to explore 
establishment of milkweed in brome and reed canary grass (commonly found on roadsides).  
Patch Size Effects on Oviposition 
In this study we provide evidence that stems grow in clusters, but oviposition is not 
always correlated to the clustering pattern of the stems. Patch area was not a significant 
predictor of eggs per stem. Females may be ovipositing higher values near higher values, as 
there was weak positive spatial autocorrelation. Because the spatial arrangement of these 
clusters was not associated with either isolated stems or patches, females may be responding 
to other cues in the landscape. There was also evidence that monarchs do not always select 
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plants for oviposition based on the number of neighbors so it may not be a top priority to 
continue studying patch size effects on oviposition. It is possible that predation and survival 
of eggs and instars may be affected by patch size, but this was outside of the scope of this 
study.  
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CHAPTER 4.    CONCLUSIONS 
In the second chapter we hypothesized monarch oviposition for eggs per stem and 
eggs per patch is not a random process, but would be different among three patch densities 
when monarchs were given a choice of different sized milkweed patches transplanted into 
prairie habitats. Our results show that oviposition per stem and per patch is different between 
patch sizes. There were more eggs per stem on the stem in the patch of one than the patch of 
five or the patch of ten. There were more eggs per patch on the patch of ten than the patch of 
one or the patch of five.  
We concluded that both of these estimates are a reflection of the division for eggs per 
stem and a cumulative effect for eggs per patch. When we examined the location of a single 
egg, we saw that a single egg was most frequently oviposited in the patch of 10 stems in 
comparison to the patch of five stems and one stem. However, this was not the intention of 
the experimental design, so a better experimental design may be needed to examine the 
location of the first egg in a patch when comparing patch densities. From our analysis, we 
conclude that females oviposit in all three patch densities when given a choice of three 
patches. There is not an optimal patch size that is a consistent observed behavior over this 
three year study.  
Optimal patch size will depend on the goals of the land manager and their interest in a 
higher number of eggs per stem or a higher number of eggs per patch and choose 
accordingly. We ended by hypothesizing that “optimal patch size” will be determined, not by 
oviposition preference, but by understanding the differences in predation and mortality 
between patches. From a conservation perspective, optimal patch size should consider 
survival to adult and not just oviposition.  
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In the third chapter we hypothesized monarch oviposition for eggs per stem and eggs 
per patch is not a random process, but would be different among different patch sizes along 
Iowa gravel roadsides. However, during a preliminary study, determining patch size was 
subjective. To better understand how to quantify a patch, GPS units were used to collect 
geospatial data to study the pattern of the distribution in the landscape. There was an average 
of 3,554 stems per road and 576 stems per acre. We concluded that these estimates are higher 
than the estimates from Thogmartin et al. (2017) which reported 57.17 stems/acre. More 
research is needed to understand if this random selection of four roads in typical for all 
counties in Iowa. Stem density within patches was estimated to be 2.57 stems/m2 and this 
was similar to Thogmartin et al. (2017) estimate of 1.97 stems/m2. 
We used an average nearest neighbor test to compare the observed distance between 
neighbors to the distance between neighbors of a random distribution; stems were clustered 
with over 95% confidence and the average nearest neighbor distance when all roads were 
combined was 0.65m. Because there was not enough evidence to say that stems are not 
clustered, we proceeded with the analysis. We used a negative binomial model to measure 
the correlation between the number of eggs and larvae on stems and the number of 
neighboring stems at several distances. We concluded that oviposition preference on a single 
stem is correlated to the number of neighboring stems within a 2m2 area. This may indicate 
patch definition from an ovipositing female’s perspective. This trend was not typical for all 
roadsides. The results from road 1 indicate that there is no significant relationship between 
the number of eggs on a stem and the number of neighboring stems. We hypothesize 
monarch butterfly preference for patch size may only be exhibited on higher milkweed 
density roadsides, but more research is needed to study this hypothesis. 
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Using a patch definition of 5m2 on road 4 to measure the correlation between eggs per 
stem and stem density or patch area, we concluded that monarchs prefer to oviposit in lower 
stem density area and total patch area was not significant. However, when examining eggs 
per patch, we experienced the same cumulative effects as in chapter 2 examining patch 
effects in prairies. With these confounding effects, we again conclude that monarchs oviposit 
in all patch densities. There did not appear to be an overall preference for isolated stems and 
female’s oviposited within all patch sizes and stems densities. Selecting an optimal patch size 
for monarch butterfly reproductive success should be based on predation and mortality within 
patch sizes. Monarch oviposition is not random, but there does not appear to be a clear 
preference for a specific patch size. The patch size selected for establishment will depend on 
land manager goals and if they are interested in more eggs per stem or more eggs per patch. 
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APPENDIX A. ADDITIONAL MATERIAL FOR CHAPTER 1 
Land Cover and Land Use Classification Types 
https://landcover.usgs.gov/classes.php 
 
Fig 1 NLCD 92 Land cover class definitions 
99 
 
APPENDIX B. ADDITIONAL MATERIAL FOR CHAPTER 2 
1 Secondary Country Roads in Iowa 
http://www.iowacountyroads.org/about-secondary-road#general 
 
 
2 Iowa Farm Acreage 
http://www.farmlandinfo.org/statistics/iowa 
 
 
3 Modeling Spatial Relationships Overview 
http://desktop.arcgis.com/en/arcmap/10.3/tools/spatial-statistics-toolbox/modeling-
spatial-relationships.htm#GUID-470A7EC2-18F4-4A4F-B8A4-59FBCB7A0AEC 
 
 
4 Percentage of Crops in Iowa Sprayed with Herbicides in 2017 
https://www.nass.usda.gov/Statistics_by_State/Iowa/Publications/Other_Surveys/201
7/IA_Ag_Chem_Corn_05_17.pdf 
 
 
5 Modifiable Areal Unit Problem 
https://support.esri.com/en/other-resources/gis-dictionary/term/MAUP 
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6 Data Dictionary Metadata 
Plant height (cm) 
Status:  
 W– new growth, not producing flowers 
or pods, vegetative stage 
 B – buds, not open 
 F – flowering, no pods 
 P – pods present 
 D – done flowering, no pods 
 S – senescent  
Condition: 1 – 5 
 1 – senescent   
 2 – defoliated,  but not completely 
senescent 
 3 – more than two leaves are senescent  
 4 – minimal damage, one – two leaves 
are damaged  
 5 – new growth or no damage 
# Eggs 
# 1st Instar 
# 2nd Instar 
# 3rd Instar 
# 4th Instar 
# 5th Instar 
 
 
 
 
 
 
Source of Damage: 
 Milkweed Stem borer damage – 
recognized by black scarring and 
hollow stem 
 Sprayed – curled leaves, yellow or white 
coloring, spotted discoloration 
 Mowed – typical on roadside edge 
adjacent to gravel, stem is cut off at top 
 Fungus – spores and discoloration on 
stem 
 Monarch herbivory – verified by 
presence of larvae on stem, feeding 
holes 
 Other herbivory – feeding holes, but not 
monarch source 
 Environmental – wilted leaves 
 Other – damage that is not easily 
determined 
Adjacent Habitat and Opposite Habitat 
 Crop – Corn  
 Crop – Soybean  
 Crop – Other  
 Pasture/Grassland 
 Prairie 
 Forest 
 Mowed grass (lawn/yard) 
 Buildings 
 Mixed/Other 
 
 
7 Average Nearest Neighbor Test 
http://pro.arcgis.com/en/pro-app/tool-reference/spatial-statistics/h-how-average-
nearest-neighbor-distance-spatial-st.htm  
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APPENDIX C. ADDITIONAL MATERIAL FOR CHAPTER 3 
Locations of Asclepias Milkweed Species in North America 
http://www.bonap.net/NAPA/TaxonMaps/Genus/County/Asclepias 
 
 
 
Fig 1 Location of several milkweed species in North America 
